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Summary

This thesis describes the results of experiments to investigate the effects of mag-
netic and electric fields on the expansion dynamics of a low temperature laser
produced plasma. The experiments were done in vacuum using different con-
figurations of magnetic and electric fields, with the magnetic fields produced by
permanent magnets.

For each configuration considered here, the effects of external magnetic and
electric fields on the expansion dynamics, ion yield, electron temperature and de-
position rate were studied. The results clearly show that the plasma changes its
physical properties during expansion in the presence of an external field and these
ultimately affect the emission characteristics and shape of the expanding plume.
Several experimental techniques were used to demonstrate these effects and these
included time-of-flight Langmuir ion probes, time-resolved optical imaging, time-
and space-resolved optical emission spectroscopy and thin film depositions.

The experimental work presented here is divided into three main sections. In
the first, plasma confinement was investigated using a magnetic field directed
normal to the plasma expansion axis. In the second, plasma collimation was in-
vestigated using a magnetic field directed parallel to the plasma expansion axis.
In the third part, plasma focusing was investigated using a combination of mag-
netic and electric fields. Two different setups were used in the third part: the first
setup consisted of a converging magnetic field (parallel to the plasma flow) and an
electric field (applied with an electrode); in the second setup a plasma lens was
used as a novel deposition device.
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Introduction

This work explores the use of magnetic and electric fields to control the expansion
properties of a plasma produced by laser ablation (LPP). The laser ablation pro-
cess is used in a wide range of applications in research and manufacturing such as
laser machining in microelectronics, laser induced breakdown spectroscopy (LIBS)
for material analysis and in pulsed laser deposition (PLD) of thin films.

In particular, pulsed laser deposition is an important method for the deposition
of thin films for research and it is used to deposit a range of materials. Essen-
tially the PLD technique involves focusing a high power laser beam on a target
placed inside a vacuum chamber, producing a vapor during the laser pulse. This
vapour is further heated by the laser to form plasma. The pressure gradient in
this plasma layer drives the plasma to expand mainly in the direction normal to
the target surface, i.e. the transverse component of velocity is much smaller than
the forward component. By placing a substrate in the trajectory of the expanding
plasma, material from the plasma can be deposited as a thin film.

The physical mechanisms involved in PLD including the ablation of the tar-
get, the expansion dynamics of the plasma and the growth of the film are quite
complex. Within the physical mechanisms, the properties of the film produced
are further affected by experimental parameters like target material, laser pulse
characteristics and ambient conditions. Despite this physical complexity, PLD has
become an increasingly popular technique for the deposition of a variety of mate-
rials in research. This is due mainly to its simplicity and unique ability to retain
the stoichiometry of the target in the growing film. Recently PLD turned out to
be a useful tool in the production of nanoparticle films [1, 2] and in the growth of
carbon nanotubes [3]. The current interest in nanoparticles and nanostructured

films is due to their novel optical, catalytic and electronic properties that differ

1]



Introduction

significantly to that of bulk materials.

There are however some drawbacks associated with the PLD technique. The
most significant is the contamination of the deposited film with micrometer size
particles expelled in the ablation process. Such particles include liquid droplets
and solid clusters. These particles are undesirable because they produce local de-
fects in the film surface. Curved solenoidal magnetic fields have been widely used
in both vacuum arc [4, 5, 6] and pulsed laser [7] deposition in order to address
the particulate contamination problem. Permanent magnets have also been used
to deflect the laser produced plasma [8, 9, 10, 11]. These filters use a curved
magnetic field of moderate strength (~ 100 mT) to guide the plasma on a curved
path between target and substrate. The undesirable particles are carried by their
inertia in a straight trajectory to the filter wall leaving the substrate uncontami-
nated. Although particulate-free films were produced, these filters come with the
cost of a significant loss in transmission efficiency, which means a decrease in the
film growth rate. Contamination and deposition rate are both of fundamental
importance in PLD. Of course it is desirable to have a simple means of complete
macroparticle removal with plasma losses as low as possible. What is clear from
the work done to date is that the various techniques proposed have not worked
sufficiently well to find wide applications.

An additional issue arising in the deposition process is the forward peaked na-
ture of the ablation plume. The plume expands assuming an ellipsoidal shape.
Such & distribution leads to a non uniform deposition flux resulting in a non uni-
form thickness in the deposited film.

Sirce the film properties are significantly affected by the plasma characteris-
tics, a better understanding of the formation and expansion of the laser produced
plasma, as well as the exploration of new techniques to control them, is of great
interest in PLD. This work then explores the use of magnetic and electric fields to
achieve better control of the expansion properties of the plasma. Usually a LPP
has a substantial ion fraction, it is then expected that the moving plasma will
interact with external magnetic and electric fields. Several studies have demon-
strated that a magnetic field can substantially modify the properties of the plasma.
Plasma expansion both transverse [12, 13, 14] and parallel [15, 16] to the magnetic

field Las been investigated. In addition, both uniform [12, 13] and non-uniform
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(14, 17] magnetic fields have been used. These studies have shown that when a
LPP expands away from the ablation target in a magnetic field a wide range of
effects can arise, such as change in the degree of plume excitation [12, 13|, excita-
tion of plasma instabilities [4, 14, 18] and plasma plume confinement [12, 16].

These effects are of interest not only for PLD, but for a wide range of ap-
plications. As an example, high magnetic field values (~ 20 T') have been used
with high temperature LPPs [15, 16|, where the aim was to magnetically confine a
plasma column for soft X-ray laser development. Also, the increase in the excita-
tion state of a LPP expanding across a magnetic field has been investigated with
the aim of enhancing the sensitivity of the LIBS system [19]. The rotation induced
in the plasma by a magnetic field (F x B drift) has been investigated in vacuum arc
plasma centrifuges as a means to separate isotopes [20, 21]. A miniature magnetic
cusp configuration has also been suggested for confinement of plasma produced
by a femtosecond laser with a view to increasing the neutron yield [22]. For PLD
application it is worth mentioning the work of Kobayashi et al. [17]. They demon-
strated that placing a permanent magnet behind the substrate improves the high
temperature PLD of superconductor materials. They also obtained room temper-
ature epitaxy of NiO.

The aim of this work was then the modification of laser plasma expansion dy-
namics using magnetic and electric fields. Particular attention was dedicated to
explore the possibility of collimating and focusing the plasma to increase the uni-
formity of the deposition flux and the deposition rate for PLD applications. The
influence of magnetic and electric fields on the shape of plume expansion, spectral
emission, ion yield and deposition rate of LPP was studied. Two approaches were

mainly used: 1) magnetic field only and 2) combined magnetic and electric field.

This work is divided into 7 chapters. In Chapter 1 a general overview of
the theoretical background is reported. The description of the equipment and
the techniques used for data analysis is given in Chapter 2. Chapters 3 to 6
(inclusive) describe the results of the experiments obtained using different magnetic
and electric field configurations. Finally, in Chapter 7 the main conclusions from
previous chapters are summarized and new possibilities are discussed to continue
this work.






Chapter 1
Theory

In this chapter a general overview of the theoretical background is reported. First,
the main features of the nanosecond laser ablation process (including plasma for-
mation and expansion in vacuum) are described. Then, the relevant fluid theory is
given to describe the expansion of the plasma in magnetic and electric fields. The
final part of this chapter describes the emission and absorption properties of the
laser produced plasma. Calculations of these properties, obtained using a spectral

synthesis code, are also detailed.

1.1 Laser ablation process

Laser ablation is the process of removing material from a solid or liquid surface
by irradiating it with a laser beam. The laser ablation process is used in a wide
range of applications in research and manufacturing such as laser machining in
microelectronics, laser induced breakdown spectroscopy (LIBS) for material ana-
lysis and in pulsed laser deposition (PLD) of thin films. Despite the wide range of
applications, the exact mechanisms of laser ablation are not yet fully understood.
Several studies on laser absorption, material removal and its expansion can be
found in the literature, but they cannot be considered exhaustive [23, 24, 25, 26].
To understand the exact mechanisms of this process is to understand the complex
thermo-physical properties of the target and how they interact with the optical

properties of the laser beam itself. This complexity makes a predictive analysis

)



1.1 Laser ablation Chapter 1. Theory

very challenging.

In this section the basic processes occurring during the irradiation of a metallic
target with nanosecond laser pulses are described. Typical laser irradiances used
in the nanosecond laser ablation and deposition experiments are > 108 W em 2.
These irradiances, which are also used in this work, are sufficient to create plasma.
When the laser beam hits the target, electrons will absorb quanta of optical en-
ergy. The excited electrons thermalise rapidly by electron-electron collisions with
a characteristic relaxation time 7,. The energy from the electrons is then trans-
ferred to the lattice by electron-phonon interactions, characterised by a time 7, >
7.. For metals, the energy relaxation time, 7., is of the order of 107!3 s, while 7; is
of the order of several picoseconds, both much smaller than the laser pulse dura-
tion 77, (= 10 ns) - 7. << 1 << 7. For laser ablation with a nanosecond pulse,
because of the small value of 7., the optical energy can be considered as being
instantaneously turned into heat. Therefore the concept of temperature and heat
conduction can be applied. Furthermore, since the temperature of the electron
and ion subsystems equilibrate very early during the laser pulse, one temperature
can be assumed for both subsystems, T, = T;.

During the laser pulse, the absorbed laser energy, first heats the target to the
melting point and then to the boiling point. At this moment evaporation occurs
from the liquid metal and vapor is formed on the target surface during the laser
pulse. The vapor begins to absorb the laser pulse leading to heating of the vapor,
ionisation and plasma formation. After the termination of the laser pulse there ex-
ists a thin (=~ 10 um) layer of hot (few eV) dense (= 10'® —10'° atoms/ions cm=3)
plasma that expands due to internal pressure gradients, assuming a semi-ellipsoidal
shape. The time required for laser absorption in the target, target heating, vapor-
ization and plasma formation is much smaller than the time of expansion of the
ablated material (which is of the order of a few ps). Therefore the laser ablation
process can be schematically divided into two main phases, which are: plasma

formation and plasma expansion.



Chapter 1. Theory 1.1 Laser ablation

1.1.1 Plasma formation

In the plasma formation phase there is a need to consider reflection and absorption
of the laser beam by the target, thermal conduction, evaporation and absorption
of the laser in the vapor. As discussed above, since 7, << 77 << 77, many models
are based on the standard heat conduction equation. During laser irradiation of a
metal surface the laser pulse is absorbed in a thin layer of the target determined

by the optical absorption coefficient, a:

dmkeat\ !
dopt = a4 = (%) (1.1)

where d,,; is the optical absorption depth, k., is the extinction coefficient of the
target and A is the incident laser wavelength. Typically, d,, is of the order of
10 nm [27]. As an example, for an incident laser wavelength of 248 nm, the
extinction coefficient of copper is 1.8 [27], which gives d,,; = 11 nm. Since this
is much smaller than the typical laser beam diameters (=~ 0.1 — 1 mm) the heat
conduction equation can be solved in one dimension [28].
Another important parameter for the laser material interaction is the heat
diffusion depth, dy:
dy, = 2(D7)Y? (1.2)

where D is the thermal diffusivity of the metal and is:

ke

D=2
Cp

(1.3)
p is the target material density, k. is the bulk thermal conductivity and C is the
specific heat capacity. As an example, for solid copper k. = 380 W m™! K1,
C =420 Jkg 'K ! and p = 8960 kg m 2 [25], which, considering a laser pulse
of 7, = 20 ns, give dy, =~ 4 pm. Since dy, >> d,p the laser absorption can be

modeled as a surface heat source and the heat conduction equation is:

F rivih

PCor = 5

(k%) +a(l - R)Ipezp(—az) (1.4)
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where I is the incident laser irradiance, z is the distance into the target, T tem-
perature and R the reflectivity of the target surface. Equation (1.4) is difficult to
solve analytically because both the thermal and optical properties of the target
material, expressed by the parameters p, k., C' and R, are temperature depen-
dent. A significant simplification is obtained by taking these parameters to be
constant. Lunney et al. [24] used temperature averaged values. Then the surface

temperature change of the target is described by:

LF 1 tIs(t—-T)

& T V7kpC Jo LT

where Ly is the latent heat of fusion, T} is the initial target temperature and Ig

Taftieam.. dr (1.5)

is the irradiance reaching the target surface and it is given by:

IS = (1 = RL)ILemp (—ZO—]Zé> S Ip(l = Rﬁ) = <%) Lv (16)

where /;, and I, are respectively the laser and plasma irradiance, 6 is the angle
of incidence of the laser, R; and R, are respectively the target reflectivities with
respect to the laser and plasma emission, Ly is the latent heat of vaporisation, N
is the average ion/atom density in the vapor, [ is the vapor layer thickness and o
is the total absorption cross section of the vapor. The product Nlo is the optical
opacity of the layer of plasma. The first term in equation (1.6) accounts for the
absorption of the incident laser irradiance, I, by the evaporated particles, the
second term accounts for the irradiance due to the plasma self emission and the
last term accounts for the heat of vaporisation loss by the target material.

The evaporation rate at the target surface depends on the surface temperature,
Ts, and on the vapor pressure, Py, and it can be described by the Hertz-Knudsen
equation [24]:

d(Nl) _ Py(Ts) (1.7)
dt V21 MkgTs

where M is the mass of the target atoms. The vapor pressure is commonly ex-

pressed in the form of the Clausius-Clapeyron equation:

RA(Ts) = Breap [ 22 (7 - 1) (18)



Chapter 1. Theory 1.1 Laser ablation

where P, is the equilibrium vapor pressure at temperature Tj, which is usually
taken as the boiling temperature.

The absorption of the laser in the vapor reduces the laser irradiance reaching the
target; as a result, the ablation rate is reduced. It also causes heating and ionisation
in the vapor to form plasma. Assuming the plasma to be in local thermodynamic
equilibrium, the degree of ionization can be estimated with the following Saha

equation [26]:

3/2
Welp i 2mmekgT < E, )
2 X 1.9
7 2( h2 ) e kT (19)

where n, is the electron number density, n, and n,; refers to the number densities
in the zth and (z+1)th ion stages, respectively, h is the Planck constant and E, is
the ionisation energy of the zth ionisation stage.

In the ionized vapor a significant number of free electrons will be present, thus
inverse Bremsstrahlung (IB) will be one of the absorption mechanisms active in the
plasma. IB involves the absorption of photons by free electrons, through collisions
with neutral and ionized atoms. Passing through the electric field of an atom or
ion, an electron can absorb a photon and gain kinetic energy. This will further
promote ionization and excitation through electron collisions with excited- and
ground-state atoms and ions. Due to the difference in field strength for the ions
compared to neutral atoms, IB absorption due to ions dominates over that from
neutral species [29]. The electron-ion IB absorption cross section is:

Z%\3n; hv
on = 1.27 x 1074 =———" |1 — - g 1.10
O1B,ion X JT { exrp ( T )} cm ( )
where ) is the laser wavelength in nm, hv is the laser photon energy in eV, T is the
electron and ion temperature in eV, Z is the ionic charge and n; is the ion number
density in em™3. For T =3 eV, n; =5 x 108 em ™3, Z = 2 [24], which are typical
values for the plasma layer existing during the laser pulse, and for A = 248 nm,

OIB.ion 18 estimated to be about 1.8 x 1072° cm?

. The absorption coefficient is
then aspion = Ne0rBion = 0.18 em™!. Lunney et al. [24] pointed out that the
absorption due to IB is too small to account for the plasma formation, hence other
absorption mechanisms should be considered.

Another absorption mechanism in the plasma is photoionization (PI). When a
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bound electron absorbs a photon with energy higher than the ionization energy,
the electron is freed and any excess of energy is converted to the electron kinetic
energy. In this case to accurately calculate the total absorption, information on
energy levels and relative populations of each plasma species need to be known,
resulting in a complicated problem. Lunney et al. [24] gave an approximate
estimate of the ionization cross section by using a hydrogen-like photoionization
cross section and by assigning a single absorption cross section to both atoms and
ions. With these approximations the cross section for photoionization is given by
(24, 29]:

3
opr="T.9x 10718 (%) (%) cm? (1.11)

where Iy is the ionization potential of hydrogen, E; is the ionization energy of
the excited states that can be photoionised. Taking E; to be equal to the pho-
ton energy of a 248 nm excimer laser (= 5 eV), opy is about 1.3 x 10717 em?
(apr &~ 130 em™ 1), which is three orders of magnitude bigger than o/p 0. We
will return on this point in Section 1.3.4, where a more accurate calculation of the
absorption coefficients will be presented.

The absorbed energy determines density and temperature of the plasma. Den-
sity and temperature gradients will in turn determine the expansion dynamics of
the plasma; they drive the rapid expansion of the plasma away from the target

surface, tending to lower the density and the temperature.

1.1.2 Plasma expansion

The expansion dynamics of the ablation plume is very important in PLD because
they have a direct effect on the characteristics of the thin film produced. For
expansion in vacuum, several models can be found in literature, the most widely
used are the models developed by Anisimov et al. [30, 31] and the one by Singh
et al. [32]. The Anisimov model considers the expansion of the plume to be isen-
tropic, while Singh consider an isothermal expansion. Lunney et al. [33] have
shown that both models can be used to describe the plasma expansion and that
the isentropic model is the more appropriate when the plume temperature is less

than 12 eV. Since the typical plasma temperature measured during laser ablation

10



Chapter 1. Theory 1.1 Laser ablation

is of the order of 1-3 eV, the Anisimov model is the more appropriate one in our
experimental condition and is discussed herein.

This model describes the three-dimensional adiabatic expansion of a plasma in
a vacuum after the termination of the laser pulse (which is taken as time zero).
The model is based on three main assumptions: that the plasma can be considered
a perfect gas, that its expansion is isentropic and self-similar. The first assump-
tion justifies the use of the gas dynamics equations to describe the expansion of
the overall plasma. Although the model was developed for the expansion of a
neutral gas cloud, it has proven to accurately describe the expansion of ionized
plasma produced by nanosecond laser ablation in a vacuum [34, 35]. In particu-
lar, Hansen et al. [34] compared experimental studies of the laser ablation plume
dynamics with the theoretical solution of the Anisimov model. The authors found
a good correspondence between the experiment and the model for the measured
angular and temporal distribution of the ion flux and the electron temperature.
The second assumption means that the thermal diffusion is slow compared with
the expansion rate and so the heat exchanged during the plasma expansion can
be neglected. Finally, the self-similar assumption means that the characteristics
of the expanding plasma remain constant on ellipsoidal surfaces. The shape of the
plasma distribution is determined by the dimensions and energy of the laser spot
incident on the target. At the end of the laser pulse, as there is no further addition
of energy or mass to the plasma, its expansion can be considered adiabatic; so after
an initial acceleration, the plasma velocity remains fairly constant and the motion
is said to be self-similar.

The gas dynamic equations which govern the expansion are given by:

ap o
E‘FV'(,OV)—O (1.12)
ov 3
E%—(V-V)v—i—[—)Vp—O (1.13)
oS

where p is the plume density, v the velocity, p the pressure and S the entropy.

At time zero, which is at the end of the laser pulse, the initial plume is consid-

11



1.1 Laser ablation Chapter 1. Theory

ered to be semi-ellipsoidal in shape with principal radii X, Yy and Z;. X, and Y
are the dimensions in the plane of the target and are taken as that of the major and
minor radii of the ablation spot, respectively. Z; is the thickness of the ablated
material and is approximated as Zj =~ c,71, where ¢, is the sound velocity and 7,
is the laser pulse duration. As the expansion proceeds the radii of the ellipsoidal
plume front in the x, y and z directions are X(t), Y(t) and Z(t).

The isentropic solution of the gas dynamic equations (1.12)-(1.14) gives the

following expressions for density, pressure and entropy profiles:

e o SR RN
e~ sfers Pl -G -G
1.16

{ n E [h(V)XoYoZoy
vy—1 | L(v)XeYoZo M

o R C I Y N R B

where M is the mass and F is the initial energy of the plasma, I/, are functions of

S($’ y, z? t) =

7 [30, 31] and ~ is the ratio of specific heats at constant pressure, C,, and constant
volume C,. Since the plasma is considered an ideal gas, v is assumed constant.
Using the above expressions (1.15)-(1.17), the gas dynamic equations (1.12)-(1.14)

can be reduced to the following ordinary differential equations:

0.4 i i A R 0 7
— Y = Z = — —— .
X o a2 oz = =3y [ XYZ ] L5y
The initial conditions are set as:
axXe oY\ 07
X(0) = Xo; Y(0)=Yo; Z(0)= Zo; o el 0 (1.19)

12
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E 10 e
£ 10°

0 < AT RN SULNeL X BN
0.01 0.1 1 10
Time (ps)

Plume aspect ratios
-
(@)
1
1

Figure 1.1: Evolution of the (a) plume radii and (b) plume aspect ratios as a
function of time.

Numerical solution of the equations (1.18) yields the temporal variation of the
radii of the plume front, and therefore the plume shape. The plume elongation
can be described by the aspect ratio k, i.e. k,, = Z/X, k,y, = Z/Y and ky, = Y/ X.
The values of k., and k., determine the angular spread of the particle flux. The
angular distribution, F'(), the current density distribution, j, in the y-z plane and
the temperature, T, of the plume calculated from the solution of the gas dynamic
equations are respectively:

F(6) = F(0)(1 + k2,tan®0) >/ (1.20)

iy 2,1) = er(XYZ)-1 {1 il (%)2 N (%)T—ﬂ x (@2+R)Y2 (1.21)

o= E%(fy —1)(2y) (%)H y {1 A (%)2 = (%ﬂ (1.22)
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where N is the total number of particles in the plume, kp is the Boltzmann constant
and m is the atomic weight.

Fig. 1.1(a) shows the evolution of the radii of the plasma plume and (b) shows
the plume aspect ratios, k.,, k., and ky,, as a function of time. This graphs have
been calculated for a copper plasma by choosing the following starting parameters:
Xo = 870 pum, Yy = 400 um, Zy = 67 um, v = 1.25 and E, = 52 eV, where E,, is
the average energy per plasma particle.As mentioned above, after the laser pulse,
the plasma expands and accelerates in all the directions due to pressure gradients.
When the gradients go to zero the plume expansion becomes inertial. Fig. 1.1(a)
shows that the acceleration phase lasts until 100 ns. The figure also shows that,
as expected, the expansion velocity is greatest in the z direction. This can be
explained by considering the lateral dimensions, X, and Yj, of the plume at the
beginning of the expansion. At this time, Xy and Y, are much larger than the
thickness, Z, implying that the pressure gradient in the z direction is higher than
those in the x and y directions. As a result, the plasma will expand mainly in the
forward direction assuming the typical semi-ellipsoidal shape.

The so called “flip-over” effect can also be explained in terms of the initial
pressure gradients. The flip-over effect occurs when the laser spot has radii Y
smaller than X,. In this case the pressure gradient is stronger in the y direction,
causing the plasma to expand faster in this direction. Therefore the aspect ratio
ky, is initially less than 1, but changes to a value greater than 1 at late time in
the inertial phase. In the example of Fig. 1.1(b) the flip-over is observed at about
90 ns.

1.2 Fluid theory

The dynamic properties of a laser produced plasma change significantly when the
expansion occurs in a magnetic and/or electric field. The self-similar expansion
assumption is no longer valid and other factors must be considered. As schemati-
cally represented in Fig. 1.2, when a plasma expands in the presence of a magnetic
field the charged particles in the plasma will feel the Lorentz force. In particular,
the plasma electrons will follow the magnetic field lines gyrating around them in

helical trajectories. As will be shown below (see Fig. 1.4), the electron Larmor
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Figure 1.2: Schematic representing some of the effects of an external magnetic
field, B, on the plasma expansion. The yellow and red circles represent the elec-
trons and the positive ions in the plasma, respectively. The semi-ellipse represents
the semi-ellipsoidal profile of the plume expanding in the region without magnetic
field. E is the space charge electric field.

radius, 7., is small compared to the plasma dimension and the electrons are said
to be “magnetized”. The plasma ions also gyrate around the magnetic field lines,
but with much bigger Larmor radius with respect to the electrons, because of the
much bigger mass. Eventually the electrostatic force, due to the charge separation
between the electrons and ions, intervenes to balance the inertia force and the
pressure gradient force. As it will be shown belove (Fig. 1.4), the Debye length,
AD.e, is found to be very small of the order of 107 ¢m. The small value of Ap .
implies that the electrostatic force binds the ions to the electrons, preventing them
from moving in a straight direction driven by their inertia. Hence the plasma po-
larization acts on the plasma ions so that they also tend to follow the magnetic
field lines. At this point the self-consistent electric field, E, causes the ExB drift
motion which causes the plasma to rotate and it also gives rise to a diamagnetic
current, J. This current interacts with the external magnetic field through the
JxB force. This force acts to decelerate the motion of the plume across the mag-
netic field. Fig. 1.2 schematically represents these effects in the case of a plasma

expanding along a magnetic field, but similar considerations can be applied for

15



1.2 Fluid theory Chapter 1. Theory

others relative orientations of the magnetic field and the plasma flow.

To build a model that describes the interaction of magnetic and electric fields
with the plasma flow is not an easy task. A plasma is a system containing a
very large number of mobile charged particles. Each charged particle creates its
own microscopic electric and magnetic fields and reacts to the microscopic fields
of all other particles. The actual electric and magnetic fields are the sum of all
the microscopic contributions of the particles. Hence a plasma model must be
able to describe both the dynamics of the plasma in the electromagnetic fields
and the generation of those fields by the plasma. The most detailed and complete
description of the plasma behavior is provided by the Kinetic theory [36]. This
theory describes the evolution of the plasma through a density distribution func-
tion in phase space. It contains information about both the microscopic orbits
of individual charged particles and the macroscopic behavior of the plasma as a
whole. However, the extreme complexity of this model has led to the development
of simpler mathematical models with a narrower range of applicability, using a
fluid approach. In these models only the motion of a fluid element is taken into
account and hence the information related to the distribution of velocities of the
particles within a fluid element is lost. The models describe macroscopic quan-
tities like temperature, pressure and density and how they change in space and
time. Some of the fluid models that have been developed include the multi-fluid
model, two-fluid model, ideal and resistive single-fluid models. The two-fluid and
the resistive single-fluid models will be considered herein.

The multi-fluid theory considers the plasma as being composed of different par-
ticle species and assumes that each species behaves as a separate fluid. It captures
the differences in the fluid behaviour of the light electrons and the heavy ions.
The two-fluid theory is a special case of the multi-fluid for a fully ionized plasma
consisting of electrons and one type of ions. In this case the complete set of fluid

equasions is [37]:
3nj

aV' .n..
mjnj {—a—tj =E (Vj U V) Vj] = q;n; (E aF Vj X B) — ij e qJU—JJ (124)
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where the index j is ¢ for ions and e for electrons, v is the average velocity, n is the
number density, ¢. and g; are, respectively, the electric charge of electrons (g.=-¢)
and ions (g;=Ze), j is the current density, o is the electrical conductivity, p is the
pressure, (' is a constant and 7 is the adiabatic constant, v = C,/C,. The above
equations are, respectively, the conservation of mass, the conservation of momen-
tum and the equation of state, which assumes an adiabatic plasma expansion. To

close the system of equations, Maxwell’s equations are required:

0B
E=-—— 2
V x 5 (1.26)
OE
VxB= €oto - + o] (1.27)
where the current density is given by:
j = N;q;V; + NeGeVe (128)

The equation for conservation of momentum relates the fluid velocity to elec-
tromagnetic force and pressure gradient. The electromagnetic force couples the
equation of conservation of momentum to the Maxwell equations. It should also
be noted that the electromagnetic force acts on plasma fluid elements and not on
individual particles - it couples all the charged plasma components together. The
reason for this is that the electric and magnetic fields in the electromagnetic force
act on all charged components and, at the same time, all charged components
contribute to the electric and magnetic fields.

In the single fluid theory, also called Magnetohydrodynamic (MHD) theory,
the various individual species are not specified. In this case macroscopic variables
are defined for the plasma as a whole by adding the contributions of the various
species in the plasma. In this way, information about high frequency and small
scale dynamics are lost and only the low frequency and large scale fluid dynamics
are described. MHD theory can be applied to plasma situations where the spa-
tial and temporal scales of the variations of the fluids and fields are substantially

longer than the corresponding scales of the heaviest component of the plasma, i.e.
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the ions. The equations of resistive MHD are written below [38]:

dp B
E—va v=_0 (1.29)
dv
— =jix B - ;
P =4X Vp (1.30)
dp i
o SRR v 8 —= .
2 = PV v+ (v - 1) (1.31)
0B V’B
= \V/ B :
3 = om +V x (v x B) (1.32)
p
i 1733
Rop e
i, el (1.34)
Ho

where p is the mass density of the fluid, Ry is the gas constant and the electric
field is given by the modified Ohm’s law:

_VxB

T 4o

E

~-vxB (1.35)

The modified Ohm’s law links E and B to v and it contains the change of mo-
mentum due to collisions. To go from a multi-fluid to a single fluid model of
plasma more rigid approximations are introduced, limiting the applicability of the
MHD model. The main approximations made in the derivation of the equations
(1.29)-(1.35) are the following:

(i) Frequent collisions: 7; << (%)1/2 TH
(ii) Frequent collisions: A\, << Ly
(iii) Quasi-neutrality: Zn, =~ n;
(iv) Non relativistic: v << ¢
(v) Scalar conductivity: w, << v,
(vi) Small Larmor radius: rp, << Ly
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Figure 1.3: Density profile of copper plasma (a) 200 ns and (b) 600 ns after the
laser pulse.

where 7y and Ly are, respectively, the minimum hydrodynamic time and length
scales of interest, 7; is the ion collision time, A. is the mean free paths of ions, w,
is the electron Larmor frequency and v, is the electron collision frequency. Hence
to use the single fluid model described above, the valdity of the assumptions (i) -
(v) must first be justified. In the situations where the assumptions are not valid,
the two-fluid model should be used instead. To understand if and when the MHD
model can be applied to our experimental plasma, several plasma parameters were

calculated. They are discussed in the following paragraph.

1.2.1 Validity of MHD

In order to justify the use of the MHD model, a number of plasma parameters
have been calculated. These include the Larmor radii and frequencies and the
mean free paths - among others. All calculations have been done considering a

copper plasma with a typical temperature, T, of about 1 eV and charge state
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Z =1

First of all the hydrodynamic length, Ly, and time, 75, scales of interest must
be defined for our experimental conditions. Here Ly and 7y are taken as the dis-
tance and the time interval for which the plasma density changes by a factor of 2.
It should also be noted that the rate of changes of the plasma parameters will be
different at different points in time and space. As an example, Fig. 1.3 shows the
density profile of a copper plasma 200 ns and 600 ns after the laser pulse. It can
be seen that the distance over which the density changes by a factor of 2 is about
0.6 mm at 200 ns and about 2.5 mm at 600 ns. Similarly, the time over which
the density changes by a factor of 2 is about 100 ns at 2 mm from the target and
about 400 ns at 10 mm from the target. To justify the use of the MHD model we
consider the worst case scenario - that is - the smallest values for 74 and Ly.

An important assumption in magnetohydrodynamics is that the fluid passes
through a series of quasi-static equilibrium states. To establish quasi-static equi-
librium, changes in the macroscopic variables must take place on a time scale that
is long when compared with the relaxation time for the attainment of local equi-
librium. This requires frequent collisions. Moreover the one-fluid model assumes
one temperature, 7; = T.. Hence the time, 7.4, required for initially different
temperatures to become equal must be smaller than 7. This imposes the strong
collisionality condition (i) to obtain a local equilibrium state. An estimate of 7.,

is given by [39]:

.\ 1/2 ) T3/2
Tog & (%) =2 x 1092 (%) — (1.36)

where 7; is the ion-ion collision time in s, n is the number density in em =3, T is

the temperature in eV and [nA is the Coulomb logarithm:
InA =In (127m/\30,e) (1.37)

with the Debye length, A\p ., given by:

1/2
Ap,e = <€°kBT) (1.38)

en
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Fig. 1.4(a) shows 7., as function of the density n calculated using equation (1.36).
It can be seen that the condition (i) is satisfied for densities > 5 x 10%¢m 3. For
lower plasma densities 7., is comparable with the hydrodynamic time scale.

Fig. 1.4(b), shows the Debye length as function of the density. It can be seen
that the Debye length is found to be much smaller than Ly. Hence the quasi-
neutrality condition is well satisfied.

In terms of scale lengths the MHD theory requires that the mean free paths of
ions and electrons is small compared with Ly, which is condition (ii). Because the
mean free path, A, is the product of the thermal velocity and the collision time,
it has the same order of magnitude for ions and electrons. An estimate of A, can
be then calculated from the following equation for the electron-ion mean free path
[39] and its plot as a function of density is shown in Fig. 1.4(c):

2

T
Aei = 3.4 x 1013m cm (1.39)

with n in em 2 and T in eV. From Fig. 1.4(c), it can be seen that \,; is very small
for the range of density of interest, so the (ii) is satisfied.

Condition (iv) expresses the assumption of MHD that claims that the fields
change on the same scales as the plasma flow. The flow is dominated by the ion
inertia and so the plasma flow is non-relativistic. On the basis of this assump-
tion the electrostatic force, gE, and the displacement current, ¢c@E/dt could be
neglected in the MHD equations. This is an important difference between MHD
and the two-fluid model where wave and electron speeds may be relativistic and
so the electrostatic force and the displacement current could not be neglected.

To verify the condition (v), the electron Larmor frequency, w,, should be small
compared with the electron-ion collision frequency, v.;. An estimate of those pa-
rameters can be calculated using the following equations [39]:

ZnlnA _,

Vei =2 % 1078 T S (1.40)
B
We = in (1.41)
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Figure 1.4: (a) 7, as a function of the density n calculated using equation
(1.36); (b) Debye length as a function of the density calculated from equation
(1.38); (c) Aei as a function of the density calculated using equation (1.39); (d)
electron-ion collision frequency calculated from equation (1.40); (e) electron, 7.,
and (f) ion, rz;, Larmor radius as a function of the magnetic field strength. These
plasma parameters have been calculated considering a copper plasma with a typical
temperature, T, of about 1 eV and ion charge state Z = 1.
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The approximation (v) of scalar conductivity has been used to derive equation
(1.35). This equation does not have a rigorous derivation, but is an approximation
of the Generalized Ohm’s law, given by:

e Vpe) = oE (1.42)
Zep

j+%(ij)=a<E+va+
e

where b is a unit vector parallel to B and the j x B term is called the Hall current.
The derivation of (1.42) requires the two-fluid approach. This is because a current
exists only if the ions and electrons have distinct flow velocities and this means
that in the plasma there are two fluids rather than one. The presence of the Hall
current in equation (1.42) implies that there must be a component of E that is
perpendicular to both j and B to balance the j x B term; hence there is no scalar
relationship between j and E unless condition (v) is valid. Figure 1.4(d) shows
the electron-ion collision frequency as a function of density. Comparing v.; with
the values of w, reported in Table 1.1, it can be seen that, for field strength of
320 mT, the condition (v) is satisfied for densities > 2 x 106 cm 3.

Furthermore, to obtain equation (1.35) also the pressure gradient term in equa-
tion (1.42) was neglected. This can be done if the ions are “magnetized” - condition
(vi). The MHD model, in fact, requires that the particles in the plasma are mag-
netized, i.e. that their Larmor radii are much smaller than the length scale, Ly,

of the system. The Larmor radii for electrons, rr., and ions, rz;, are given by:

Me 1’(3 iz
bl il (1.43)

eB

TLe/i =

The light electrons are always more closely tied to the magnetic field lines than
the heavy ions. In Fig. 1.4(e) and (f), the electron and ion Larmor radii are shown
as a function of the magnetic field strength. It can be seen that moderate magnetic
fields (in the order of 10 mT), are sufficient to magnetize the plasma electrons.
However, because of their bigger mass, magnetization of the ions requires a much
stronger magnetic field than that needed for the magnetization of the electrons.
For the same range of magnetic field strengths the ion Larmor radius is about
three orders of magnitude bigger than ;.. As an example, in Table 1.1 the values

of rr. and r; corresponding to two different magnetic field strengths are shown.
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B TLe TLi We
(mT) (m) (m) (Hz)
20 12x10* 4x10?2 3.5x10°
300 T5x 1%, 25x 1072 56 10°

Table 1.1: Plasma parameters

n Teq Aes Vei
(cm™?) (s) (m) (Hz)
107 50 x 107 8.7 x1077 7.7 x 104
6 x 10 7.3x107 1.07x107° 6.3 x 10%°

Table 1.2: Plasma parameters

In this work magnetic field strengths of about 320 mT" have been used. Hence in
our experimental conditions, the ions are not magnetized, because the ion Larmor
radius is > Ly and so condition (vi) is not fulfilled.

In conclusion, from the discussion above, it follows that for a fully ionized
copper plasma with a temperature of about 1 eV, conditions (i) - (v), with the
exception of (vi), are simultaneously satisfied for magnetic field > 300 m7" and
density > 5 x 10'® ¢m 2. The ion Larmor radius is found to be of the same order
of magnitude of Ly. It seems that the conditions of our experimental plasma fall
along the edge of the applicability of the MHD model. Hence, although condition
(vi) requires the r;, << Ly, in this work an attempt will be made to use the
MHD model for a qualitative description of the plasma dynamics in the presence

of a magnetic field.

1.2.2 Pressure balance

Within an MHD description of the plasma behavior, an important parameter for
the characterization of the flow of a laser produced plasma through an applied
magnetic field is the plasma beta, 3. [ is defined as the ratio of the plasma
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pressure, P,, to the magnetic pressure P,,:

_ B (nmy}) + (nkpT)
PSR T B e

where B.;; is an external magnetic field. The meaning of this parameter can be
clarified by considering the radial equilibrium of a cylindrical plasma. Assuming
cylindrical symmetry and B = BZ, the equations (1.30) and (1.34) give:

d B?

— | P, 21 =0 1.45
dr [ & 2#0} ( )

dB, ~
1.46
Ho) ar ¢ (1.46)

Integrating the above equations:

B¥ .8
P+ — =22 1.47
P 2u  2p0 S

where ¢ is the azimuthal coordinate and B is the induced magnetic field in the
plasma column. Thus f is:

e
= ® ] 1.48
ﬁ Bgzt/2:u‘0 Bezt ( )

and its value will be in the range 0 < 8 < 1. The equation (1.47) shows that the

plasma behaves like a diamagnetic medium. When plasma expands in a magnetic
field, a diamagnetic current arises to exclude the field from its interior. This
current interacts with the external magnetic field through the j x B force. This
force pushes the plasma towards the axis stopping the plasma expansion across
the magnetic field. Hence 3 is a measure of the degree to which the magnetic field
is holding the plasma in equilibrium.

In plasmas with 8 < 1 the magnetic field dominates plume dynamics. In this
case the plasma should decelerate rapidly as it expands across the magnetic field.
Ripin et al. [40] gave an estimate of the plume deceleration, g, based upon a

spherical expansion of a plasma in a magnetic field in terms of the mass of the
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Figure 1.5: Diffusion length calculated for a copper plasma at 1 eV expanding
in a 320 m7T magnetic field.

plasma, M,, the magnetic field, B, and the plume position, r:

B2
g= ;Morz (1.49)

Thus the deceleration is proportional to B2,

If 8 > 1 the plasma expansion is mainly driven by its kinetic and thermal
energies. As a result, the charged particles diffuse through the region occupied by
the magnetic field. The diffusion coefficient of the charged particles perpendicular
to a field is related to the field strength. Magnetic fields do not affect motion in
the parallel direction. Charged particles will move freely along the B-field and
only collisions with other particles will retard the diffusion. By comparison, in the
perpendicular direction, the B-field reduces the rate of diffusion, while collisions
enhance it. This can be explained as follows. For a steady state plasma, the

equations (1.30) and (1.35) can be solved for the perpendicular component of the
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plasma fluid velocity to give [39]:

ExB nL
WS TR

Vp (1.50)

where 7, is the perpendicular resistivity. The first term is the E x B drift of
both ions and electrons together. The second term is the diffusion velocity in the

direction of —Vp. The flux associated with diffusion is:

T]_]_TLQk’BT
B2

' =nv, =— vn (1.51)

This has the form of the Fick law I'} = D | Vn, with the diffusion coefficient D :

ot nankBT

D, 5

(1.52)

This is the classical diffusion coefficient for fully ionized gas. It is proportional to
1/B?, hence the higher the magnetic field strength the lower the diffusion across the
magnetic field. Furthermore, since 7 o v,;, D is also proportional to the collision
frequency, v.;. Hence, as anticipated above, collisions contribute to the diffusion
across the field lines. In the absence of collisions, the particles will continue to
gyrate around the same magnetic field line. It also should be noted that D,
defines a diffusion coefficient of the fluid. This means that both ions and electrons
diffuse at the same rate and the diffusion is said to be ambipolar.

Fig. 1.5 shows the diffusion length, Lp, (Lp, = \/D_Lt), as a function of the
density calculated for a copper plasma at 1 eV expanding in a 320 m7T magnetic
field for three different times, ¢. The diffusion length is comparable with the typical
size of the plasma at the specific time delays. Hence the exclusion of the magnetic
field from the plasma interior is not complete, indicating that resistive MHD is the
most appropriate approach.

A better expression for D, is given by the semi-empirical formula given by
Bohm [39)]:

(1.53)
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1.2.3 Plasma focusing

In this section the two fluid model is considered to describe a situation where a
combination of external electric and magnetic fields are used to control the plasma
expansion. The main problem associated with the production and the maintaining
of an electric field within a plasma is the high mobility of the electrons. To
determine the conditions under which an electric field can exist in the plasma it is
necessary to examine the dynamics of the plasma electrons. For this purpose, it is

useful to re-write the equation of motion (1.24) for the electrons:

€ne,
J
o

MeNe {% + (ve - V) ve} = —en. (E+v. x B) — Vp, —
It can be seen that there are four factors that can produce an electric field in the
plasma: the electron inertia, the electron pressure gradient, the Lorentz force and
the friction between electrons and ions. The electron inertia and the ohmic term
are usually small [41] compared to the Lorentz force and can then be neglected.
In the simpler case of cold plasma (7" = 0 eV') where the pressure gradient can be

neglected, the equation above becomes:
E=-v.xB (1.54)

This equation shows that an electric field can exist in the plasma if a magnetic
field, B, and an electron motion across the field, v,, exist. The electric field will
then be orthogonal to both B and v,.. The equation (1.54) also expresses an im-
portant property of the magnetic field in the plasma - that the magnetic field lines
are equipotentials with respect to the electric field. This property is the basis of
the plasma lens for focusing neutralized ion beams.

To justify neglecting the electron inertia, the ohmic and pressure gradient
terms, an order of magnitude estimate of those terms follow. In the experiment
described in Chapter 6, a plasma lens was used to focus the plasma. The plasma
lens was placed ~ 4 c¢m from the target. To estimate the terms in equation (1.24),
the conditions of the plasma at the lens entrance are considered. Fig. 1.6(a) shows
the ion current density at 4 c¢m from the target. The maximum ion flux occurs

at about 2.6 us, which corresponds to a velocity of about 1.5 x 10% em s~!. Fig.
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Figure 1.6: (a) lon current density at 4 ¢m from the target and (b) corresponding

transverse ion density profile calculated at the time of maximum ion flux, ¢t =
2.6 us.

1.6(b) shows the density profile in the transverse direction at the time of maximum

ion flux and at 4 c¢m from the target calculated using equation (1.15).

e Estimate of (v, x B) term
v. can be considered equal to the ion velocity 1.5 x 10° ¢m s~1, hence for a
magnetic field of 320 mT the above term is

ve x Bx5x 102 Vm™!

e Estimate of (VP,/en.) term
Considering a uniform temperature, the pressure gradient can be expressed in
terms of density gradient: Vp, ~ kgTVn,. In Fig. 1.6(b) it can be seen that
the density changes of a factor of 2 over a distance of about 5 mm. Hence
the density gradient is approximately Vn, ~ (2 x 10®/5 x 1073) m™* =
4 x 10 m~*. Thus for a temperature of 1 eV and density of 8 x 108 m~3
the pressure gradient term is:

VPe - kBTVne

ene ene

~50V m!

e Estimate of (j/o) term
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The conductivity is given by o = n.e*/m.ve; = 1.6 x 103 Q 'm~1. j can be
approximated with the peak of the ion current density in Fig. 1.6(a), thus
obtaining:

122Vm_1
o

e Estimate of (m./e)(dv./dt) term
For a scale length of 5 mm for the inhomogeneities and electron velocity of

1.5 x 10% em 571, the inertial term is:

1.2.3.1 Plasma lens

The idea of the plasma lens was first introduced by Gabor [42]. Gabor proposed
to use the electrostatic field of magnetized electrons for focusing ion beams. This
lens works with non-neutral plasma. In order to focus an ion beam with a given
charge sign a non neutral plasma with the opposite charge sign as the beam is
required. Later Morozov [43] described the basic concept of plasma-optics for cre-
ation of electromagnetic fields in quasi-neutral plasmas. Based on this principle
several experimental investigations followed to optimize this type of lens for ion
beam manipulation.

Electrostatic plasma lenses have been successfully used to focus high current
- of the order of 10 — 1000 mA - ion beams of energy up to several tens keV
[44, 45, 46]. The main applications of these lenses are in ion implantation for ma-
terials surface modification and particle accelerator injection for nuclear physics
research. The ion beam is extracted from a plasma, which is typically produced by
vacuum arc discharge. The energetic ion beam is then transported to the plasma
lens, where it is focused. A schematic of a plasma lens is shown in Fig. 1.7.
This lens consists of a set of cylindrical ring electrodes located within an external
magnetic field with field lines connecting ring electrode pairs symmetrically about
the lens midplane. Typically these lenses have diameters of about 7 — 10 em and
length of about 15 e¢m; the number of electrodes used varies typically from 5 to
13, with the outermost electrodes grounded.

Electrostatic plasma lenses have been developed for focusing high current ion
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Figure 1.7: Simplified schematic of the plasma lens [44]. (1) magnetic field
coil, (2) cylindrical electrodes, (dashed lines) equipotentials lines, (dotted lines)
magnetic field lines, (R) lens radius, (L) lens length.

beams. High current ion beams are subject to strong electrostatic space charge
forces. If the space field is not compensated it can causes the beam to blow
up. Therefore, to ensure focusing of the beam it is very important to preserve the
quasi-neutrality. The neutralizing electrons within the lens volume are mainly pro-
duced by secondary emission due to collisions of the ions with the lens electrodes.
Hence this type of ion beam can be viewed as quasi-neutral plasma. However the
presence of electrons in the beam makes the use of vacuum electrostatic lenses,
as used for focusing lower current beams, impossible. As mentioned above, this
is because of the high mobility of the electrons which results in the loss of space-
charge neutralization and which in turn compromise the focusing properties of the
lens. Therefore the plasma lens is based on the space charge neutralization while
maintaining the magnetic field lines as equipotentials. It has been already shown
above that the electrons in an expanding LPP can be easily magnetized. Hence,
inside the lens volume the electrons will move along the field lines while gyrating
around them. As a consequence they tie the potential of the electrode to which

the field line is attached, maintaining the magnetic field lines at equipotentials.
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This creates the electric field in the plasma that will focus the ion beam.

The focusing properties of a plasma lens depends on several parameters includ-
ing the value of the beam current, the potential distribution at the electrodes, the
size and number of the electrodes and the magnetic field. In particular, the mag-
netic and electric field configuration should eliminate spherical aberrations and
transfer the ground potential of the outermost lens electrodes to the beam axis
at the midplane. It was theoretically predicted [43] that a lens without spherical
aberrations can be obtained by creation of the optimum magnetic field configura-
tion, by selection of the optimum distribution of externally applied ring-electrode
potentials and by optimization of the number and dimensions of ring electrodes.
When spherical aberrations are removed the focal length of the electrostatic plasma
lens is given by [47, 48]:

gl (1.55)
201,
where ¢, is the ion beam accelerating potential, ¢y, is the electric potential on the

ring electrodes and 6 is a geometric parameter that depends on the ratio of lens

radius, R, to lens length, L, and the magnetic field configuration and is given by:

o A
0 =—INL(= 3
L (E) (1.56)
where I; is the modified Bessel function of first order. Goncharov et al. [48] found
that for the optimal configuration § ~ 1. The axial component of the optimal

magnetic field is then given by:

%)sm(E (1.57)

B, = Bolo( 7)

where I is the modified Bessel function of order zero. In order to eliminate spher-
ical aberrations, the optimum electric field created within the lens volume should
have linear variation along the radius of the plasma lens [47, 49, 50]. Theoret-
ically [43], such an electric field can be created by setting the potentials on the
lens electrodes directly proportional to the value of the magnetic field strength
near the axis of the lens. This potential distribution is referred to as the optimal
distribution. However, Goncharov et al. in [50] showed experimentally that for a

given lens potential distribution, the creation of F o r does not occur for all ion
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beam currents. Hence the potential distribution needs to be adjusted depending
on the particular experimental condition. By creation of the optimum magnetic
field configuration and by selection of the appropriate externally applied potential
distribution of the lens electrodes and ion beam current, spherical aberrations were
removed [46, 49, 50]. Goncharov et al. [46, 51] recorded an ion beam compression
up to a factor of 30 and an increase in the total transported ion beam current by up
to 30% when the lens was used. Moreover, they have also shown that aberrations
may play a beneficial role, because they can be used to control the radial beam
profile at the lens output. In particular, they can be used to create a uniform
beam profile [50].

Although these plasma lenses work with neutralized ion beams with different
characteristics to plasma produced by laser ablation, it seems an interesting per-
spective to explore the possibility of using a plasma lens to control laser produced
plasmas (LPPs). In particular, it is of interest in PLD, to explore the possibility
of focusing LPPs to increase the deposition rate and also to investigate the effect

of spherical aberration to produce a uniform deposition profile.

1.3 Optical emission spectroscopy

Key parameters of laser produced plasmas are temperature and density. The pres-
ence of excited species within the plasma plume allows the use of optical emission
spectroscopy as a diagnostic technique to analyse the plasma. Photons are emit-
ted and absorbed by the atoms in the plasma during electronic transitions. The
electronic transitions can be divided in three groups: bound-bound, bound-free
and free-free. The bound-bound transitions occur between two electronic bound
levels. The absorption or emission of a photon results in excitation or de-exciation
of the atom. Because of the discreteness of the energy levels of the bound elec-
tronic states, these transitions result in a discrete spectra producing line radiation
of a specific photon energy. The bound-free transitions occur when the absorbed
photon has energy exceeding the binding energy of the electron resulting in pho-
toionization of the parent atom. The excess of the photon energy over the binding
energy is transformed into kinetic energy of the free electron. The reverse tran-

sition is photorecombination, that is the capture of a free electron by an ion and
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results in the emission of a photon. Since the free electron can assume any positive
value of energy, the bound-free transitions have a continuum spectra. Finally, the
free-free transitions are the Bremsstrahlung and inverse Bremsstrahlung and also
have continuum spectra.

When analyzing emission from laser produced plasmas, a strong continuum is
observed within the first few nanoseconds after the laser pulse. This emission is
due to the dense plasma layer in the vicinity of the target surface, in which many
collisions lead to severe Stark-broadening. As time elapses, discrete spectral lines
will begin to form producing a spectrum characteristic of the particular material
being ablated. The discrete spectra of the bound-bound transitions not only give
information on the particular radiating species as the plasma plume expands, but
also on temperature and density. Therefore in this work the bound-bound transi-
tions spectra have been analysed. In order to detect this emission, a spectrometer
coupled with an intensified charge coupled device (ICCD) was used. With this
system spectra resolved in time and space were obtained. The details of the ex-
perimental system are discussed in the next chapter.

The most widely used methods to extract the plasma parameters by plasma
spectroscopy are based on the assumptions that the plasma is in local thermo-
dynamic equilibrium (LTE) and optically thin. These two assumptions will be

discussed herein.

1.3.1 Local thermodynamic equilibrium

The most frequently used methods for the determination of the temperature of
a plasma by optical emission spectroscopy are based on the application of two
equilibrium relations. The first one is the Boltzmann equation, which describes
the population densities of excited energy levels as a function of temperature 7T

and is given by:

n2 _ go ( Ey — E1)
—==erp| ——— 1.58
nq a1 P k‘BT ( )

where ny /2 and gy, are the number densities and the degeneracies of the lower and
upper energy states E; and Es, respectively. Secondly, the Saha equation (1.9)
relates the densities of subsequent ionization species for a temperature 7. The ap-

plicability of these equations relies on the validity of thermodynamic equilibrium
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Figure 1.8: Schematic of collisional and radiative processes for a two-level atom.

or local thermodynamic equilibrium. LTE is a state in which the temperature T
of the Boltzmann and Saha equations is equal to that of the Maxwell-Boltzmann
velocity distribution of free electrons, but 7' may vary from point to point in the
plasma. A plasma with line emission spectra is obviously not in global thermody-
namic equilibrium, but it can be in LTE. In a plasma the processes of excitation
and ionisation and recombination can be the result of either collisional or radiative
effects. Examples of these mechanisms are: excitation and de-excitation; collisional
ionisation and three body recombination; autoionization and dielectronic recom-
bination; photoionization and radiative recombination. All these rates depend on
the electron temperature and density in the plasma. For LTE to hold in a plasma,
the collisions with electrons have to dominate over the radiative processes. This
condition requires a sufficiently large electron density. A criterion proposed by
McWhirter is based on the existence of a critical electron density for which colli-
sional rates are at least ten times the radiative rates [52].

In order to find a criterion for LTE a simple two level system can be considered.
Fig. 1.8 shows a schematic of a two-level system with a lower energy level F; and
upper level Fy, having respective populations n; and ny. There are three possible
radiative processes between the two levels. First, an atom in the excited level 2 can
spontaneously decay to level 1 with emission of a photon of energy Fs — E; = huys.
The process is described by the Einstein coefficient Ay which is the probability
per unit time of this transition to occur. The number of such transitions per sec-
ond is As;ny. Secondly, in the presence of radiation of density p an atom in level
1 can absorb a photon of energy hrq, and move to level 2 with probability Bjap.

The process is described by the Einstein coefficient B, and the number of these
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transitions per second is Bisp ny. Finally, in the presence of radiation, the proba-
bility of a stimulated emission from level 2 to level 1 with emission of energy hvy,
is Bs1p and the number of transitions per second is Bisp ns. Cio and Cyy are the
collisional excitation and de-excitation transition rates, respectively. The number
of transitions per second is n.n;C1o and n.n,C)2, where n, is the electron numebr
density. If the two level atom in Fig. 1.8 is in equilibrium, the level populations n;
and ny, do not change with time and hence the upward and downward transitions
are equal:

n1pBia + nneCla = napBar + nyAar + noneCoy (1.59)

For small values of p the above equation reduces to:

ny  Cig ( Az )*1
oy W gL 1.60
my.  Chy ne.Cay (1.60)

For the principle of detailed balance, in thermodynamic equilibrium the collisional

rates must balance, i. e.:
n1C1z2 = naCyy (1.61)

and this relation must hold separately for each type of collision. As can be seen
from the last two equations, the collisional equilibrium in which n;C1y = nyCay, is
perturbed by the spontaneous radiation, represented by As;. Therefore, based on

the above criteria, the following inequality must hold for LTE:

A21
ne >> =2 1.62
Cr (1.62)

The above leads to the McWhirter condition [53] given by:
ne > 1.6 x 102 \/T, (AE)? cm™ (1.63)

where T, is the electron temperature in K and AFE is the energy level difference
of the considered transition and is in eV.

From equation (1.59) it is possible to derive the relationships between the
Einstein coefficients in the case of thermal equilibrium. The Einstein coefficients

Asi, By and By, are fixed probabilities associated with each atom and do not
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depend on the state of the system of which the atoms are a part. Therefore,
the relationships derived at thermal equilibrium are valid universally. Using the
Boltzmann equation (1.58) and the blackbody distribution, the relations between

the Einstein coefficients are give by:

91B12 = g2Bxn (1.64)
8whv3,
A = 3 Du (1.65)

1.3.2 Optically thin plasma

For a system in thermodynamic equilibrium the radiative emission and absorption
are balanced and the radiation density, p, is given by the Planck blackbody distri-
bution. This system is not accessible to optical emission spectroscopy because it is
optically thick. The detection of an emission line depends on the probability of a
photon escaping without being absorbed. This probability depends on the number
of absorbers in the medium and on the probability of absorption at a particular
transition, which is described by Bjs. If ay is the absorption coefficient and I is
the incident irradiance at wavelength A, the change in the irradiance, 417, due to

the absorption in a layer of thickness dz is:
—(5])\ = I,\O.’)\(SCII (166)
Integrating the above equation for a layer of thickness [/, one obtains Beer’s law:
L(l) = Be O (1.67)
where I is the incident irradiance and 7y is the optical depth and is given by:
1
= / adzx (1.68)
0

For a homogeneous layer: 7, = a,l. When 7, << 1 the plasma is said to be opti-
cally thin; conversely if the optical depth is greater than unity it is said optically

thick. The integrated absorption coefficient is related to the Einstein coefficient
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By by the relation:
h
/'cundx=nuir— (1.69)
Jline /\0
where )\ is the central wavelength of the line. The absorption coefficient can be

expressed in terms of a particular transition as [53]:

am—émmun (1.70)

degmec

where e is the charge of the electron, €y is the permittivity of vacuum, fi, is the
oscillator strength between the lower and upper level involved in the transition and
L()) is the line shape function. The oscillator strength determines the emitted
signal strength and is related to the transition probability, As;, between levels by

the relation: :
o= —;Azl (171)
1

1.3.3 Spectroscopic measurement of temperature

As discussed above, when the conditions of a plasma are such that LTE applies, the
populations of the bound states follow the Boltzmann distribution. In this case
the temperature can be found by measuring relative intensities of the emission
lines of known transition probability. The irradiance of a spectral line is reiated

to Ag; and to the population of the upper state ny by the relation:

nzAzth

W m™2sr! 1.72
e it (1.72)

&:/ﬂww=l
where [ is the plasma thickness and j()\) is the emissivity, defined as the power
emitted per unit solid angle per wavelength by unit volume and is measured in
[W m=3 sr~! nm™']. Hence substituting n, with the expression given by the

Boltzmann equation (1.58), the irradiance is:

A
Iaji= const.gz—fe_Ez/kBT (1.73)

The constant in the above equation includes terms common to all the lines. The

ratio of the irradiance of two lines in the same ionisation stage with upper energy
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levels 7 and j is:
L _ 9Aii (s kst (1.74)
I giAiNi

When more that two lines of the same ionisation species are present in the
spectra, the excitation temperature can be extracted using the Boltzmann plot
method. From equation (1.73), a plot of In(I)\/gA) against the upper level energy
E,, for several spectral lines, should therefore be a straight line of slope 1/kgT.
Hence from the slope, T' can be estimated. The linearity of the Boltzmann plot
reflects the agreement between the Boltzmann distribution and the experimentally
measured line irradiance. Hence the Boltzmann plot method is also useful to check
the existence of LTE.

It is also possible to determine the temperature from two lines of different
ionisation stages. Combining the Saha (1.9) and Boltzmann distributions (1.58)

the so-called Saha-Boltzmann equation is obtained:

NeNr)k _ 2(2mmeksT)? gy k exp (—_Ez + Ej — E,-)

x kT

1.75
N5 h3 gz,j ( )

where n, ; and n(, 1), are the number densities of the ions in two different ion-
isation stages z and (z+1) with respective upper states j and k and E, is the
ionisation energy of the zth ionisation stage. The Saha-Boltzmann equation can
be expressed in terms of relative line intensities instead of number densities by
substituting equation (1.72) into (1.75). Thus the relative irradiance of lines from

subsequent ionization stages of the same element are given by:

Ioiyk Ak Asj  22mmeksT)?? giai1yk o (_ E,+ Ex — E;
Iz,j Az,j )‘(z+1),k h3ne 92,5 ¥

e J) (1.76)

Similarly to the Boltzmann equation, also the above Saha-Boltzmann equation can

be linearised by taking the logarithm:

% (1(z+1),k Azj 9z, ’\(z+1),k> b {Q(QWmekBT):;/T B £ el (1.77)

L5 A1)k B4 1)k Az hon. kgT

Note that the intercept may be useful to determine the plasma electron density.
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1.3.4 PrismSPECT simulations

A widely used method for electron density determination uses the broadening of
emission lines due to the Stark effect [54, 55]. The Stark effect in plasmas is due to
collisions of the emitting atoms with electrons and ions, resulting in a broadening
of the line and a shift of the peak wavelength. An estimation of the full width of

the broadened line for neutral atoms is given by [56]:

AN =2wTes +3.54 (17(;?6)5/4 (1- §N51/3> w (1.78)
where A\ is in 4, the electron density n. is in em 2, Np is the number of particles
in the Debye sphere, A and w are in A and are, respectively, the ion broadening
parameter and the electron impact width parameter. The first term in equation
(1.78) is the broadening contributions due to electrons, while the second term is due
to the ions. Generally the electron contribution dominates the Stark-broadened
profile and the ionic term can be neglected. However, the width of the measured
spectral lines is limited by the resolution of the spectrometer, which in our case
was 0.75 nm. As an example, using equation (1.78), the broadening of the neutral
copper line at 515 nm can be estimated. For a typical density of ~ 10 cm 3
and a temperature of 1 eV, the electron Stark width, A\, is 0.38 nm, where the
Stark width parameter, w, is 0.19 nm [57]. Hence, in our experimental set-up the
spectral resolution of our instrument was not sufficient to use Stark broadening for
the measurement of electron density. However, in this thesis a spectral synthesis
computer code, PrismSPECT [58], was used to infer plasma conditions, including
density, from spectroscopic measurements.

PrismSPECT is a commercially available software package made by Prism
Computational Science Inc. [58]. For a set of input plasma parameters, like
temperature, density and dimensions of the plasma, the software calculates the
collisional-radiative ionization and excitation equilibrium as well as the emitted
spectrum for a plasma with uniform temperature and density. A wide range of
elements can be simulated, including multi-element plasmas with given relative
compositions. The PrismSPECT software can be run in both LTE and non-LTE

modes. When LTE is specified, the atomic level populations are calculated using
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Figure 1.9: PrismSPECT spectra calculated in non-LTE mode at increasing
temperatures for a slab of copper plasma of constant thickness (= 10 mm) and
ion density (=1 x 106 em=3).

Saha’s equation and Boltzmann’s statistics. If non-LTE is assumed, the calcula-
tions are made by solving a coupled set of atomic rate equations. These equations
account for several atomic processes, including collisional ionization and recom-
bination, photoionization and stimulated recombination, radiative recombination
and autoionization, dielectronic recombination and electron capture, collisional
excitation and de-excitation, photoexcitation and stimulated emission and spon-
taneous emission.

Since our experimental spectra are absolutely calibrated, by fitting the mea-
sured spectra to that calculated, it was possible to derive plasma parameters such
as temperature, density, ionization fraction and atomic level populations. As an
example, Fig. 1.9 shows a sequence of spectra obtained with PrismSPECT in
non-LTE mode at increasing electron temperature for a slab of copper plasma of
10 mm thickness and density of 1 x 10'6 em 3. For the spectroscopy measurements
the plasma is viewed at right angle to the target normal. Thus the spectrometer
records emission from a plasma thickness equal the transverse dimension of the

plume at the relevant distance from the target surface. Typically we record the
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Figure 1.10: Spectral components of the spectra showed in Fig. 1.9 relative to
(a) 1 eV and (b) 2 eV.

spectra when the transverse plume dimension is 5 — 10 mm, then a plasma thick-
ness of 10 rmum was chosen for illustrative PrismSPECT calculations. From the
sequence in Fig. 1.9 we can see how the relative intensities of the spectral lines
and the plasma ionization change with temperature. With increasing tempera-
ture the ionization of the plasma increases and therefore the ionic lines increase.
The software also allows us to plot separately the contribution of the several ionic
species to the total spectra. Fig. 1.10 shows the ionic contribution to the spectra
of Fig. 1.9 relative to 1 and 2 eV. It can be seen that at 1 eV’ the emission is
mainly due to neutral copper, Cu L. From 1 eV to 2 eV the neutral lines decrease;
at 2 eV the neutral lines become irrelevant and the prominent lines in the spectra
are Cu II lines.

The populations of energy levels is another feature of the software and can be
plotted as a function of temperature or density. An example for varying density
is shown in Fig. 1.11. This figure shows the calculated population of the level
3d'°4d ?Ds); relative to the level 3d'%4p Py, of neutral copper. Fig. 1.12 shows
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Figure 1.11: Comparison between LTE and non-LTE calculations of the Cu I
population of the level 3d'%4d D5, relative to the level 3d'%4p ? Py, as function of
the electron density. The calculations were done for a plasma of 1 eV and 10 mm
thick.

an abbreviated Grotrian diagram for neutral Cu, including the transitions consid-
ered here. The calculation was done in both LTE and non-LTE cases for a copper
plasma at 1 eV and 10 mm thick. From these calculations it can be seen that the
relative populations of the levels considered are within 10% of the LTE values for an
electron density > 2 x 10 ¢m 3. This result can be compared with McWhirter’s
criterion (1.63). From Fig. 1.12, AE between 3d*°4d 2D5,5 and 3d'%4p ?P;/5 levels
is 2.4 eV, thus, according to McWhirter’s criterion, for a temperature of about
1 eV, the electron density required to mantain LTE between the considered levels
should be > 2.4 x 10 em 3. This agrees with the PrismSPECT calculations.
Fig. 1.13 shows the spectra calculated with PrismSPECT for two different values
of density: 1x 10" em ™2 and 6 x 10'® em 3, respectively, smaller and greater than
the critical value of 2.4 x 10 ¢m~3. Furthermore, for each density, the spectra
were calculated in both LTE and non-LTE conditions and compared in Fig. 1.13.

As can be seen, for density < 2.4 x 10'® ¢m ™3 the spectrum calculated assuming
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Figure 1.12: Abbreviated Grotrian diagram of neutral copper. The ionization
energy is about 7.7 eV.

non-LTE condition is very different from the corresponding LTE spectrum. When
the density is > 2.4 x 10'® ¢m 2 no relevant differences are observed between the
spectra obtained from LTE and non-LTE calculations.

As discussed above, the plasma can emit and absorb photons through three dif-
ferent types of interaction with electrons, which are bound-bound, bound-free and
free-free absorption. The PrismSPECT code also calculates the absorption due to
each of these mechanisms. In Fig. 1.14 the contribution of the three absorption
processes to the total optical depth is calculated as a function of wavelength for
360 um thick Cu plasma of density 5 x 10'® ¢m =3 and temperature 3 eV. These

44



Chapter 1. Theory 1.3 Optical emission spectroscopy

160 LS S ey N [ | '( I) LR [ S (NS SO N
I 15 -3 a non-LTE] -
1201 n=1x10"cm Rl
~ 80 J
= | ]
e 40 - AA A[\ 4
“.‘C 0 - AA A A A‘“ et ﬁA ‘
E 380 400 420 440 460 480 500 520 540 560 580
S 2000 % L} M T ¥ T 15 T L 1 b 1 L 1 ) 1 L 1 L
[} {1 15 -3 b non-LTE]
E 1000- 1

500 -

0
380 400 420 440 460 480 500 520 540 560 580

wavelength (nm)

Figure 1.13: Comparison between the spectra calculated with PrismSPECT in
LTE and non-LTE mode for a copper plasma at 1 eV, 10 mm thick and ion density
of: (a) 1 x 10'® em =3 and (b) 6 x 10 em™3

are typical conditions of a plasma existing on the target surface at the end of the
laser pulse. From the optical depths, the absorption coefficients can be calculated
and as an example, the values obtained at two different wavelengths are reported
in Table 1.3. The values of the free-free absorption coefficient are found to be in
a good agreement with the values obtained from equation (1.10). However, at the
plasma conditions here considered, the absorption due to the bound-free transitions
is found to be < of the free-free absorption. In fact, these calculations show that
the main mechanism is the absorption due to the bound-bound transitions. The
plasma is optically thin and the absorption spectrum is a quasi-continuum due to
significant broadening and merging of bound-bound transitions. Hence, this shows
that future modelling of the optical properties of laser produced plasma will need
to include a detailed treatment of broadened bound-bound transitions.

It is worth noting that the software has a limitation in this analysis. Specif-

ically, in the case of copper, the triplet of neutral lines at 510 nm, 570 nm and
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Figure 1.14: Wavelength dependent optical depth calculated for Cu plasma of
density 5 x 10'® ¢m 2 and temperature 3 eV. The total optical depth and the
contribution from bound-bound, bound-free and free-free transitions are shown.
The inset shows part of the optical depth plot with an expanded scale.

A arB apr BB
(nm) (em™) (em™') (em™')
248 0.17 0:22 11
500 0.92 0.08 5.8

Table 1.3: Absorption coefficients of the free-free, a;p, bound-free, ap;, and
bound-bound, apgpg, transitions at 248 and 500 nm calculated with PrismSPECT.

579 nm are not present. This can be seen in Fig. 1.15 where a comparison between
measured and calculated spectra shows the missing neutral lines. The upper and
lower levels of the missing transitions are included in the code, but they are not
coupled. However, it should be noted that the 4p 2P3/2_1 /2 levels are connected
with the ground level through the transitions at 324 and 327 nm, with transition
probabilities of about 1.4 x 10% s~!. The transition probabilities of the 510, 570
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Figure 1.15: Fit of a copper spectra calculated using PrismSPECT and a mea-
sured spectra. The calculation was done using non-LTE mode, a temperature of
0.7 eV, an ion density of 7 x 10 em~2 and a thickness of 10 mm. The arrows
indicate the triplet of lines missing in the software.

and 578 nm are much smaller and are, respectively, 2 x 10% 571, 2.4 x 10% s~! and
1.65 x 10° s~ '. Hence, the 4p *Py/5_1/ levels will be depopulated mainly due to
the transitions to the ground state. As consequence, the error on the calculations
of the populations can be neglected.
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Chapter 2
Experimental methods

In this chapter, the experimental and computational techniques deployed during
this work are described. The specific magnetic and electric field configurations used
to control the expansion of the laser produced plasma are described in subsequent
chapters. Here the general set up used to perform laser ablation of solid targets will
be discussed along with the diagnostic techniques used to characterize the ablated
material - namely, a Langmuir probe, time and space resolved optical emission

spectroscopy, fast photography and thin film deposition.

2.1 Experimental setup

A general scheme of the experimental setup is shown in Fig. 2.1. The laboratory
where the experiments were conducted contained two laser sources: a Nd:YAG
laser with 6 ns pulse width and a wavelength of 1064 nm and an excimer laser
with 20 ns pulse width and a wavelength of 248 nm. Experiments were conducted
using whatever laser was available at the time of the experiment. However, only
one laser type was used for any single experiment. The laser light was guided
to the vacuum chamber and focused onto a solid target at an angle of 45° with
respect to the target surface normal. The target was rotated to reduce drilling.
The chamber was pumped down using a roughing and turbo-molecular pump com-
bination (Pfeifer TMH 071), working at a nominal pressure of 10~* — 10~° mbar.

Measurements of the plasma charge density and its temporal dynamics were
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Substrate Laser beam

Langmuir probe

Spectrometer

Figure 2.1: Schematic of the experimental setup.

performed using a Langmuir probe placed in the vacuum chamber in front of the
expanding plume. The probe was connected to the oscilloscope via a biased (Koop-
man) circuit. The probe could be charged positively or negatively to measure an
electron or ion current, respectively.

The light emitted by the excited ablated species at right angles with respect
to the target surface normal was studied by means of two techniques: time re-
solved optical imaging (or fast photography) and time- and space-resolved optical
emission spectrometry. The fast photography was done with an intensified charge
coupled device (ICCD) with a minimum gate time of 2 ns. The ICCD provides
two-dimensional snapshots of the plume expansion, allowing us to study the spatial
and temporal expansion dynamics of the plume emission as a whole. For the emis-
sion spectrometry, the plume was imaged on the entrance slit of an Oriel MS260i
imaging spectrometer coupled with an ICCD detector with a minimum gate time
of 5 ns. In this way it was possible to simultaneously obtain information on both
the spectral and spatial characteristics of the emitting species. A periscope was
used to orient the plume image so that the direction corresponding to the target
normal lay along the spectrometer slit. The entrance slit to the spectrometer was
3 mm x 50 wm in dimension. A single converging lens was used to form a x0.154

demagnified image of the plume on the slit. Fig. 2.2 shows a schematic diagram of
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12w JiGam ICCD

Figure 2.2: Schematic diagram of the optical system used to image the plume
on the spectrometer slit. “S” indicates the spectrometer.
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Figure 2.3: Number of pixels forming the aperture image on the ICCD sensor as
function of the aperture size.

the optical system used to image the plume on the spectrometer slit. The imaging
system in the spectrometer has a magnification of 1.6, giving a total magnification
of 0.246.

The spatial resolution of the optical system was measured by imaging an aper-
ture of known dimensions on to the spectrometer-ICCD system. The aperture was
placed at the position of the plume axis and a quartz halogen lamp was used as
back light. The dimension of the aperture was decreased from 1 mm to 0.1 mm.

Fig. 2.3 shows the plot of the number of pixels forming the aperture image on to
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Figure 2.4: Schematic of the Langmuir probe biasing circuit.

the ICCD sensor as function of the aperture size. As it can be seen, the smallest
feature the spectrometer can measure spatially is ~ 0.5 mm.

The spectrometer was equipped with a 300 lines/mm grating which gives a
spectral resolution of 0.75 nm. The spectral range was 360 — 590 nm. Both the
ICCDs used in this work were triggered to record the emission at various time
delays after the laser pulse. At each time delay the background was acquired and
subtracted from the corresponding emission signal.

Depositions were also recorded on glass substrates placed normal to the plasma
expansion to investigate how the magnetic field influences the amount and spatial
distribution of ablated material.

Finally, the mass ablated per pulse was measured. Keeping the target sta-
tionary, a small crater was formed in the target by firing multiple laser shots.
The craters were scanned using a surface profiler and the ablation mass per pulse

estimated.

2.2 Langmuir probe

The Langmuir probe is a diagnostic device used to study plume dynamics and

plume expansion in a vacuum. The Langmuir probe technique is particularly well
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Figure 2.5: (a) Ion and (b) corresponding electron saturation current per unit
area at 8 cm from the target for a 248 nm laser produced copper plasma expanding
in vacuum.

suited to the measurement of a variety of plasma parameters including ion and
electron density, electron temperature and ion kinetic energy. In spite of the rela-
tive simplicity of the experimental scheme, ion probes require a rather complicated
theory to fully explain their current to voltage behaviour. The Langmuir probe
theory has been described in detail by several authors [34, 59, 60, 61]. In the fol-
lowing section, some general properties of the Langmuir probe will be discussed.

The probe consists of a small metallic biased electrode inserted into the path
of the plasma and connected externally to a power supply and an oscilloscope. In
our experiment a planar probe of 2 x 2 mm? was used. The probe can be biased
positively or negatively in order to record an electron or an ion signal respectively.
The probe biasing circuit used is shown in Fig. 2.4. A 10 uF' capacitor was chosen
to ensure the correct working conditions for the probe, i.e. to ensure that the total
charge collected by the probe is small compared to the charge on the capacitor.
This prevents the capacitor discharging during the plasma transit.

Fig. 2.5(a) and (b) show, respectively, an ion and an electron current density
acquired with the probe at 8 e¢m from the target for a 248 nm laser produced
copper plasma expanding in vacuum. If the bias of the probe is increased from
negative to positive voltages, by plotting the value of the measured current versus
the applied voltage at a specific time, the current-voltage, I-V, characteristic is
obtained. Fig. 2.6 shows the typical current-voltage curve obtained at a partic-

ular time in the expansion of the ablation plume. The I-V curve can be divided
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Figure 2.6: Typical I-V characteristic of the Langmuir probe [60].

in three regions. The first region is the ion saturation current region and all the
measurements presented in this thesis were performed in this condition. For a pla-
nar probe facing the plasma flow, if the voltage is negative enough to prevent the
electrons with the highest thermal energy from reaching the probe, the detected
ionic current saturates. This current, /; 54, is related to the ion number density,

n;, by the relation:
Ii,sat = eApUi Z ni,ij (21)
J

where I; s,: is the ion current collected from the probe, e is the electron charge,
A, is the probe area, v; is the ion velocity and Z is the ionization state. If Z =1
then:

Ii,sat = eApUini

An example of the ion saturation current per unit area is shown in Fig. 2.5(a).
Increasing the bias of the probe from negative to positive the current due to elec-

trons increases. When ion and electron current are equal the measured current is
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zero. The corresponding bias is the floating potential, V.

Further increase in the bias brings to the second region, called the electron
retarding region. In this region the probe acts as an energy selector because it col-
lects only the electrons that have enough kinetic energy to overcome the potential
barrier. In this region the current is related to the electron energy distribution.

For a Maxwellian distribution the electron current is given by:

V_%) (2.2)

Ie = Ie,satexp( kT

where T, is the electron temperature, /. 54 is the saturation electron current and
V}, is the plasma potential.

With further increase of the probe bias above V), the slope of the I-V curve
changes and the saturation electron current region is reached. This is the region
where the electron signals are normally measured. The measured current is given
by:

- ieApvene (2.3)

where n, is the electron number density and v, is the electron thermal velocity,
which for a Maxwellian distribution is given by 4/(8kT,/mm,). A typical electron
signal is shown in Fig. 2.5(b). As can be seen, the electron current is much higher
than the corresponding ion current. This can be seen by comparing equations (2.1)
and (2.3): the ratio of the electron over the ion current is I./I; = v./4v;. From
Fig. 2.5, v; is about 1.4 x 10% ¢m s~ !, while, for a typical temperature of about
1 eV, v, =6 x 107 em s~ !. Hence the ratio I./1; is of the order of 10.

2.2.1 Plasma parameters

The ion signal, detailed in Fig. 2.5(a), is characterized by a rapid rise in current
indicating the arrival of the plasma front on the probe. It reaches a maximum,
corresponding to the time of maximum ion flux and then decreases as the plasma
continues to expand beyond the probe. From the ion signals, and using the equa-
tions (2.1) - (2.3) above, several plasma parameters can be extracted.

One of the easiest quantities to extract is the ion velocity. The Anisimov model

[30] has shown that a laser produced plasma expanding in vacuum is initially ac-
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Figure 2.7: lon energy distribution per unit area.

celerated and after about 100 ns (see Fig. 1.1) the expansion becomes inertial, the
motion then is self-similar. Since the initial acceleration time is much shorter than
the time of flight, the ion velocity can be considered constant in time and approxi-
mated by the target-probe distance, d,, divided by the time of flight, ¢, found from
the ion signal. For example, in Fig. 2.5(a), d, was 8 ¢ and the time of maximum
ion flux is 5.8 ps, which corresponds to an ion velocity of 1.4 x 10% cm s~ 1.

Also, the velocity and energy distributions can be inferred by using the follow-

ing equations:

dN Ii satt2
A 2!
dv eApdy @)

dN I oit?
e (2.5)

05 ™ e}
where dN/dv and dN/dE are the number of ions per velocity and energy interval,
respectively, per unit area and m; is the ion mass. As an example, the energy
distribution corresponding to the ion signal in Fig. 2.5(a) is shown in Fig. 2.7.

An estimate of the ion yield, i.e. the total number of ions per unit area collected
by the probe, can be obtained by integrating the probe signal in Fig. 2.5(a) and
dividing by the electron charge. In the example of Fig. 2.5(a) the ion yield is
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Figure 2.8: Ion saturation currents per unit area for a 248 nm laser produced

copper plasma expanding in vacuum acquired with the Langmuir probe at (a)

11 ¢m and (b) 13 em from the target. (b) Also shows the ion signal at 13 cm
calculated from the ion signal in (a) using equation (2.6).

1.1 x 102 jons cm™2.

As a consequence of the self-similar expansion, it is possible to calculate the ion
current at any distance from the target as a function of time or, for a given time,
to extract the current as function of distance. The ion current decreases with the
cube of the distance, d, through which the plasma has expanded. Hence if the ion
signal I; ; was acquired placing the probe at a distance d; from the target, the ion
signal [; 5 at a different distance ds is given by:

a3
Lip=Iiy (d_;) (2.6)

and, because the plasma is assumed to expand at constant velocity, the time should
be scaled as:

t2 = tl— (27)

As an example, Fig. 2.8(a) and (b) show the ion signals acquired with a Langmuir
probe at 11 em and 13 ¢m from the target, respectively. The ion signal measured
at 13 cm is compared with the one calculated from the signal in Fig. 2.8(a)
using the above relations. As can be seen both the shape and the intensity of
the probe signal is in a good agreement with the calculations. To derive instead

the dependence of the ion current on the distance, time can be transformed into
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Figure 2.9: Ion density calculated from the Langmuir probe signal in Fig. 2.8(a)

distance with the following relation:
d =d— (2.8)

where d; and t; are the distance and the time at the probe and ¢’ is an arbitrary
time associated with the distance d’. Hence the current I’ as a function of the

distance from the target d’ at a given time ¢’ is expressed by:

P=h (t—l)g (2.9)

tl
Using equation 2.1, the ion density can also be estimated from the ion signal.
For Z=1, the ion density at the probe position is:

na(t) = 240

eApv

Fig. 2.9 shows the density calculated from the ion signal in Fig. 2.8(a). Furthermore,

given the above relation between I and n, from 2.6 - 2.9, the corresponding den-
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Figure 2.10: Electron temperature at 10 ¢m from the target.

sities ny and n’ can be inferred.

Finally, from measurements of the electron current at different probe bias, the
electron temperature, T,, can be estimated. Using equation (2.2), 7, can be de-
rived by evaluating the slope of the I-V characteristic in the electron retarding
region. At this point, it is worth noticing that in this region, the probe has a
positive bias of 1 — 3 V - see Fig. 2.6. However, typically the ions have energy
of 10 — 200 eV, as shown in Fig. 2.7. Ions in this range of energy can still reach
the probe even when 1 — 3 V' are applied making the correct interpretation of the
electron signals difficult. Doggett et al. [60] have studied the effect of the probe
orientation with respect to the plasma flow. They have shown that with a probe
oriented parallel to the flow, the ion current due to the plasma flow is eliminated,
giving a more reliable measurement of 7,. As an example, Fig. 2.10 shows the
temporal variation of 7, measured at 10 cm from the target (this data will be dis-
cussed in more detail in Chapter 6). The initial rise in temperature is consistent
with the assumption in the Anisimov model that the expansion is adiabatic and

isentropic [31].
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2.3 Spectrometer calibration

Wavelength and sensitivity calibrations of the spectrometer were performed in or-
der to ensure a correct analysis of the data acquired. The wavelength calibration
assures a correct identification of the emitting species. It was performed using an
Hg spectral lamp and the calibration was corroborated using a helium-neon laser.

Each element in the light collection system has wavelength dependent charac-
teristics and this needs to be taken into account in finding the emission spectrum
of the plasma. The light emitted by the plasma is imaged by a system of mirrors
and lenses on the entrance slit of the spectrometer. Here it is diffracted by the
grating and delivered on the ICCD sensor area. Each pixel on the ICCD produces
as response a certain number of counts. The counts are a measurement of the
number of photons emitted by the source that reach the active area of the ICCD
sensor. Indeed, the number of counts read from a single pixel depends on the
gain, the gate time and the number of accumulations used to acquire the spec-
tra. The sensitivity calibration allows us to measure the absolute spectral energy
distribution of the emission. In particular it allows us to define a function, F'()),
that accounts for all the losses or changes in the spectral energy distribution that
occurred due to the light collection system. An Oriel 6333 100 W quartz halogen
lamp was used, for the sensitivity calibration. This lamp produces a uniform flux
density over an area of 2.5 cm x 2.5 cm at a plane 50 cm from the lamp. For this
reason the lamp was positioned at 50 ¢m from the plasma plane. The calibration

function F()\) was found from the lamp counts, C}, measured from the ICCD:
CL()\) — F(/\) ]L(/\) *Nr1 - Nr2 'tL (210)

where ny; and nys are, respectively, the number of acquisitions and the number of
pixels binned for each measurement of the lamp emission, ¢, is the gate time used
for the measurement and I (\) is the spectral irradiance of the lamp. It should
be noted here that all the light emitted from the plane at 50 ¢m from the lamp is
collected into the spectrometer (this will be shown below). For this reason in the
above relation, C';, can be expressed in terms of the irradiance and not as radiance

times the solid angle. The spectral irradiance of the lamp at the plane at 50 cm
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Figure 2.11: Calibration function, F()\), obtained using equation (2.12).

can be expressed by the black body irradiance equation:

2mhc?

]L()\) = Afit].oagT li(e.’l]p

he

s 1)}_1 [Wm 2nm ] (2.11)

where Ay;, is a fitting constant and X is the wavelength in meters. The temperature
T and Ay;; were found from the fit of equation (2.11) with the spectral irradiance
tabulated from the Oriel lamp manufacturer. The values found are: Ay, = (7.64+
1.118) x 107 % and T' = (3226.74 £ 64) K. Rearranging relation (2.10), it is possible

to obtain the calibration function, F'(\):

CL
It -npy-npa -t

F(\) (2.12)

F()) is shown in Fig. 2.11. Relation (2.10) can be written for the plasma counts
measured, C:
Cp=F\)-Ry(N) - Q-np1 - np2 - L (2.13)
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42 x 2.3 num

Figure 2.12: Schematic of the optical system used to image the plasma plume
on to the entrance slit of the spectrometer. wy = 0.24°; 6, = 1.6°; w, = 0.96° and
fos = 6.22°. D and F indicates the lens diameter and the focal length, respectively.

where R,(A) is the spectral radiance of the plasma and Q is the solid angle sub-
tended by the optical system. Rearranging expression (2.13) to calculate the
plasma spectral radiance R,()\) and accounting for (2.12), we obtain the relation:

Cp(N) s Cp(A) - IL(X) -npy -npa -t
“Tip1 * Npg * tp + §1 G~ Tip1* Mgy * T+ §)

[Wm 2nm tsr}

(2.14)

Ry(A) = FO

To ensure that all the light collected by the delivery lens is sent in to the
spectrometer, the solid angle, (2, subtended by the optical system should be <
the acceptance angle of the spectrometer. Fig. 2.12 shows a schematic of the
equivalent optical system used here; because the lens and the mirrors have the
same diameter (D = 2.5 ¢m), the mirrors do not limit the light collected by
the lens so they have not been shown in the figure. The spectrometer has an
acceptance cone with half angle of 7.4°. In this work, the half-angle impinging
on the spectrometer slit after the light collection system, fpg, was 6.22° which
is smaller than the acceptance angle of the spectrometer. The solid angle §2 in

equation (2.13) is then 8.82 x 10~* sr. Moreover, as shown in Fig. 2.12, the angle
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Figure 2.13: Calibration curve for the optical transmission scanner to convert
scanner signal to film transmission. The squares correspond to the scanner signals

acquired with the different neutral density filters. A second order polynomial fit
is shown in red and the equation is given in the plot.

subtended by the lamp, is 6, = 1.6°, which is smaller than the acceptance angle
of the spectrometer. As already mentioned above this means that all the light

emitted by the lamp leaving the plasma plane is collected into the spectrometer.

2.4 Thin film depositions

As mentioned above, depositions were made on glass substrates placed at a fixed
position normal to the plasma expansion. The thickness profile of the deposited
material was found by measuring the optical transmission, around 515 nm, of the
film with a calibrated flatbed scanner, Epson Perfection V700 PHOTO, 6400 dpi.
The scanner was calibrated for transmission using a set of neutral density filters.
In this way it was possible to associate an equivalent transmission to the scanner

signal. The calibration curve is shown in Fig. 2.13. Fig. 2.14 schematically shows
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Film {

Substrate g Ty

TF-lG TG

Figure 2.14: Schematic of a coated substrate. In this figure the formalism used
for the analysis of the depositions is indicated.

the formalism used in the analysis of the depositions. The scanner was used to
measure the transmission of the coated substrate, Tr g, and the transmission of
a bare substrate, T;. The ratio T' = Tr /T was then found. Since the glass
substrate is transparent, T = T, where T is the transmission across each bare

glass interface. Thus
T Tric _ TrTp _ Tr
Tc T: Tp

where Tr is the transmission through the film into the glass. Tp/Tp is the trans-

mission of the film normalized to the transmission of a bare glass interface.

The film thickness was found by comparing the measured transmission with
a calculation from the XOP IMD program [62] and assuming the bulk values for
the complex refractive index. Using this software the normalized transmission
T = Tr/Tp through the film into the glass was calculated as a function of the
film thickness (the tilde indicates the calculated transmissions). Then from the
measured transmission, 7, the film thickness may be deduced. As an example,
Fig. 2.15 shows T as a function of the film thickness calculated for a copper film.

The transmission decreases exponentially with the thickness, as:

T=2==A exp(—d/B)+C (2.15)

-

64



Chapter 2. Experimental methods 2.4 Thin film depositions

1.0 T T 4 T Y T % T T I 2 1 4 1 V I ' I

E

0.9- m  Calculated with XOP IMD
: Fit

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
S phremi sttt e b e

0O 5 10 15 20 25 30 35 40 45 50

Thickness (nm)

Transmission

Figure 2.15: Transmission as a function of copper thickness calculated with XOP
IMD software.

where d is the thickness of the film, A, B and C are fitting parameters which

can be found from the fit of equation (2.15) with the calculated transmission.
The values found are: A = 1.00473 £ 0.0017; B = 17.37037 £ 0.00926 and C =
—0.00259 4+ 0.0017. Hence the thickness profile is give by:

(2.16)

d = —17.37037 In (w)

1.00473

Equation (2.16) can then be used to convert the measured transmission into thick-

ness.
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Chapter 3

Plasma expanding across a nearly

uniform magnetic field

This chapter examines the expansion of a copper laser produced plasma across
a nearly uniform magnetic field. The aim of this experiment was to restrain
the forward expansion of the plasma. The main diagnostic technique used for
this experiment was time- and space-resolved optical emission spectroscopy. Ion
time-of-flight Langmuir probe measurements were used to characterize the plume
expansion in the absence of the magnetic field. The experimental setup and the

results are discussed below.

3.1 Experimental setup

The magnetic field was generated using two ring-shaped Nd-Fe-B magnets at-
tached to an iron yoke as shown in Fig. 3.1. Each magnet had the following di-
mensions: external diameter: 45 mm, hole diameter: 15 mm and height: 20 mm.
The separation of the magnets was set at 35 mm to produce a relatively uniform
field of 320 mT in the region between the magnets and to provide a sufficient
expansion space for the laser ablation plume.

The design of the magnetic geometry used here was obtained with the COM-
SOL MULTIPHYSICS computer code [63]. Fig. 3.2 shows the calculated magnetic
field. The field was also measured using a Hall probe. Fig. 3.2(b) and (c) show the
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Iron frame

Figure 3.1: Schematic of the experimental setup.

comparison of the magnetic field profile measured and calculated with COMSOL.
As can be seen there is a very good agreement between the calculations and the
measurements of the field produced.

As shown in Fig. 3.1, the origin of the coordinate system is on the axis of the
system and midway between the magnets. The magnetic field is directed along
the z axis. The copper (Cu) laser ablation target was placed between the magnets
with the surface of the target coincident with the edge of the hole in each of the
magnets (x = —0.75 mum). In this way it was ensured that the ablation plume
could expand into a region where the transverse field is nearly uniform.

The laser source was a Nd:YAG laser with 6 ns pulse width and a wavelength
of 1064 nm. The Cu target was irradiated by the laser beam in a stainless steel
vacuum chamber and it was rotated to reduce drilling. The angle of incidence of
the laser was 45° and the laser was focused to a slightly elliptical spot of radii
Ry = 0.65 mm and ry = 0.49 mm, giving an area of 0.009 cm?. Thus the average
laser fluence was 5.2 Jem 2.

A planar Langmuir ion probe of dimensions 3.28 x 2.08 mm? was used to char-
acterize the plasma plume expansion in the absence of the magnetic field. The

probe was positioned at 10 em directly in front of the ablation spot and oriented
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Figure 3.2: (a) Calculated magnetic field lines. The color scale indicates the
magnetic field strength in 7. (b) and (c¢) comparison of measured and calculated
magnetic field profiles.
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Figure 3.3: (a) Ion TOF signal taken with Langmuir probe at 10 ¢m from the
target, at a laser fluence of 5.2 Jern2; (b) corresponding ion density profile at
600 ns as a function of the distance from the target.

to face the plasma flow. The probe was biased at —30 V.

Time- and space-resolved optical emission spectroscopy was carried out to
study the effect of the magnetic field on the plasma expansion dynamics. The
plasma was viewed from the side (in the y-direction) and imaged directly into the
entrance slit of the spectrometer coupled with the ICCD. The optical system used
here was described in detail in Chapter 2. Wavelength and sensitivity calibrations
of the spectrometer were performed to facilitate quantitative spectroscopic analy-
sis.

The set of measurements presented herein were repeated several times and they

were found to be reproducible.

3.2 Langmuir ion probe measurements

Fig. 3.3(a) shows the ion current per unit area recorded on the Langmuir ion probe,
without the magnetic field. As discussed in Section 2.2, in a vacuum environment,
without magnetic field, the ion flux measured can be understood in terms of the
adiabatic, isentropic expansion model developed by Anisimov et al. [30]. At the
end of the laser pulse the ablated material exists as a thin layer of plasma on the

target surface. The steep density gradients give rise to rapid acceleration. After
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Figure 3.4: Evolution of the plume radii as a function of time calculated using
the Anisimov model.

a short distance, d’, the plume acceleration is complete and the semi-ellipsoidal
plume expands inertially while remaining self-similar. Fig. 3.4 shows the evolution
of the plume radii, R, 7 and d, as a function of time calculated from the Anisimov
model discussed in Section 1.1.2. The initial plasma conditions used for the cal-
culations were: Ry = 0.65 mm, ro = 0.49 mm, dy = 20 um, v =1.25, E =49 eV
and M= atomic mass of copper= 10.55x 10"?°kg. R, and r are the dimensions in
the plane of the target and dj is the thickness at the end of the laser pulse. It can
be seen that the plume expansion becomes inertial after ~ 100 ns, which corre-
sponds to a distance d’ of ~ 3.4 mm. Since the target-probe distance, d, = 10 cm,
is much larger than d’, the plasma flow at the probe position is inertial and the
ion flow velocity is to a good approximation given by the probe distance divided
by the ion TOF measured from the time of laser irradiation. The TOF at the

maximum ion flux is 4 ys, which corresponds to an ion velocity of 2.5 x 106 cms™!

and ion energy of 206 eV. The ion yield is about 8 x 10! jons em 2.
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Since the expansion is self-similar, the ion probe signal in Fig. 3.3(a) can also
be used to infer the plasma density profile at any distance from the target as a
function of time, otherwise, for a given time, to extract the density as a function
of the distance. According to equations (2.1) and (2.6)-(2.8), the ion density at a

given time, to, as function of the distance, d, is given by:

¢ 3
ni(d, tO) — np(dpa tp) <£) (31)
and d is: t
d=d,> (3.2)
tp

where n,, is the ion density measured by placing the probe at a distance d, from
the target and having temporal profile t,. As an example, Fig. 3.3(b) shows the
ion density at ty, = 600 ns as a function of the distance calculated from the ion
probe signal in Fig. 3.3(a). It can be seen that the density profile at 600 ns has
two components: one at a few millimetres (< 3 mm) from the target surface and
the other at 9 mm. These two components can be associated with the differential
expansion of singly and doubly ionized copper, respectively and will be discussed

in more detail below.

3.3 Spectroscopic measurements

Fig. 3.5 shows a comparison of space-resolved spectra for free ablation (without a
magnetic field) and with a magnetic field for a range of time delays after the laser
pulse. For each image acquired, the gate width on the ICCD and the gain setting
on the intensifier were kept constant (the gate width was 50 ns). From the images
it is possible to follow the expansion of the plume from the target surface (zero
position in each of the images) as a function of time and resolved in wavelength.
At a few nanoseconds after the laser pulse the emission is a continuum with a
maximum at about 440 nm. This continuum emission is mainly due to Stark
broadening of the spectral lines, as discussed in Section 1.3.4. At late times as the
plasma expands away from the target, spectral lines emerge from the continuum,

very broad at first, but getting narrower at later times. After longer time delays
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Figure 3.5: Space-resolved spectra of the Cu ablation plume for various time
delays without and with magnetic field. All the images were acquired with the
same gate width of 50 ns and same gain. The images are background corrected.
The wavelength and space units are nm and mm, respectively, for all the images.
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A Lower level Upper level E Ey © gl gs Au
(nm) (eV) (eV) (s
402.26  3d™4p 2P 3d'%5d *D3;, 378 6.87 2 4 1.90 x 107
406.26  3d'%4p 2P;), 3d"*%5d *D5;, 382 687 4 6 210X 107
427.51  3d%4s 4p 4Ps 3d°4s5s D7y 4.84 774 6 8 345X 107
510.55  3d%4s* 2Ds)s 3d¥4p2?Py, 139 382 6 4 2.00x 106
515.32  3d"%p 2P 3d*4d*D3; 378 6.191 2 4 6.00 x 107
521.82  3d'%p 2P3/2 3d"4d*D5;, 382 6.192 4 6 7.50 x 107
522.15  3d'%p 2P3/2 3d%4d%D3;, 382 6.191 4 4 1.50 x 107
529.252 3d°4s4p Dy 3d°4s5s*D7pn 539 774 8 8 1.09 x 107
570.024 3d%4s? 2D3/2 3d'%4p 2P3/2 164 382 4 4 240x10°
578.213 ' 3d’4s? 2D3/2 3d'%4p 2P1/2 164 378 4 2 1.65x10°

Table 3.1: Main observed Cu I transitions. £; and E,, g; and g, are energies and
degeneracies of the lower and upper levels, respectively, and A, is the transition
probability. These values are taken from [64].

the line intensities decrease, mainly due to the decreasing plasma density.

In the spectral region shown in Fig. 3.5 the spectral lines observed include
neutral (Cu I) and singly ionised (Cu II) copper. These lines are identified in Fig.
3.6. There is a spectral feature near 491 nm which is due to several 3d°4 f — 3d°4d
Cu II overlapping lines. The other 3 main lines are due to neutral Cu and have
been identified as Cu 3d4s® 2Ds/, — 3d"%4p 2Py/5 (510.69 nm), Cu 3d'%4p 2Py /5 —
3d'"%4d %Dy (515.32 nm) and Cu 3d'%4p 2Py, — 3d™°4d 2D3jp5/2 (522.15 nm,
521.81 nm). The wavelengths for these lines are taken from [64] and from the
the National Institute of Standards and Technology (NIST) tabulation [65]. An
abbreviated Grotrian diagram for the main transitions of neutral Cu was already
shown in the first chapter (Fig. 1.12) and it is reproduced here for convenience -
Fig. 3.7. More details are given in Table 3.1, which lists the main observed Cu
I transitions and the corresponding values of lower and upper-level energy, state
degeneracy and transition probability [64].

From Fig. 3.5 it can be seen that in both cases, without and with magnetic
field, the neutral and singly ionized line emissions are emitted from regions which

are nearly spatially distinct, with the ionized emission localized further from the

75



3.3 Spectroscopy Chapter 3. Plasma across B-field

600

Cul-522 nm

)
O
(=)
o
L

SR () - 515 m

Cul-464 nm

Cul -

Cull

: 2 L
Radiance (W m” nm™ sr”

Cu |l -402 nm
Cul-406 nm
Cul-427 nm
Cul-529 nm
Cul-578 nm

Cul-570 nm

360 380 400 420 440 460 480 500 520 540 560 580
A (nm)

Figure 3.6: Spectral lines identification. Free ablation spectrum at 2 mm from
the target and at 250 ns after the laser pulse.

target. The spectral emission from more ionized species occurring closer to the
leading edge of the ablation plume is a widely observed feature of laser ablation and
has also been observed for femtosecond laser ablation of Cu [66]. The origin of this
is related to mechanisms of plasma formation and in particular to the absorption of
the laser energy in the vapor-plasma. As mentioned in Section 1.1.1, the absorbed
laser energy determines density, temperature and consequently ionization state of
the plasma. The dominance of different ions in different regions of the ablation
plume is due to spatial variation of both plasma temperature and density. The
plasma front is the part that has the strongest interaction with the laser pulse and
hence it is likely to be the most ionized.

Fig. 3.8 and 3.9 show the comparison of lineouts of the spectra with and
without B-field at 200 and 600 ns, respectively, for three different distances from
the target: 1 mm, 2 mm and 3 mm. These spectra were obtained from the images
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Figure 3.7: Abbreviated Grotrian diagram of neutral copper. The ionization
energy is about 7.7 eV.

taken at 200 and 600 ns and shown in Fig. 3.5. The spectra have been absolutely
calibrated following the procedure described in Section 2.3. From the spectral
images and the lineouts, it can be clearly seen that at an early time, 0 — 400 ns,
the main difference between the spectra without and with magnetic field is that
the intensity of both neutral and ionic lines with magnetic field is higher than for
the free ablation. At 400 — 600 ns the spatial profiles of the various lines become
strikingly different in the presence of the magnetic field. The neutral and the ionic
line emission is confined to a region much closer to the target. There is also a very
marked change in the relative intensities of the neutral lines. Specifically, there
is a strong increase in the relative intensity of the lines at 510, 570 and 578 nm.
As an example, in Fig. 3.9(a) it can be seen that in the presence of the magnetic
field, the 510 nm line is the most intense line of the spectrum.

These features can be seen more clearly in Fig. 3.10. They detail the spatial

intensity profiles of the ionic lines (at around 491 nm) and the three neutral lines
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Figure 3.8: Spectra without and with magnetic field at 200 ns and at (a) 1 mm,
(b) 2 mm and (c) 3 mm from the target surface.
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Figure 3.9: Spectra without and with magnetic field at 600 ns and at (a) 1 mm,

(b) 2 mm and (c) 3 mm from the target surface.
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(at 510, 515 and 522 nm), in the presence and absence of a magnetic field at
two different time delays (200 and 600 ns). For free ablation, the position of
the maximum intensity of the ionic lines moves from 2 mm at 200 ns to 7 mm
at 600 ns; while for the neutral lines the maxima are at 0.8 mm and 2 mm,
respectively. In comparison, when the magnetic field is applied, the intensity of
the ionic emission is maximized at 2 mm at 200 ns and at 4.5 mm at 600 ns; while
for the neutral emission the maximum moves by only 0.2 mm, i.e. from 0.7 mm
to 0.9 mm. Moreover, without the magnetic field the neutral lines extend out to
about 10 mm, but with the field the lines are only observable to about 4 mm. The
spatial extent of the ionic lines also is reduced by the magnetic field.

The influence of the magnetic field can also be presented by calculating the
average position, z, of the emission, /(z), of each line as follow:

= 'fofczl(z)dz (3.3)
Jo I(2)dz

The temporal variation of z for the ionic lines at 491 nm and the neutral lines at
510 and 515 nm is shown in Fig. 3.11(a) for free ablation and in Fig. 3.11(b) for
the magnetic field case. For free ablation the lines emission moves at constant
velocity. In particular the 510 nm line emission moves with a velocity of about
0.8 x 10° em s~ 1, while the emission from the ionic lines moves at 1.5 x 10% em s~ 1.
These values are comparable to the ion velocity at peak flux as measured by the
Langmuir probe, though these two measurements represent somewhat different
characteristic plume velocities. The higher expansion velocity of the ions with
respect to the neutrals can be the result of ambipolar diffusion mechanisms due to
charge separation occurring in the first stage of the plasma expansion [66]. In the
magnetic field the trajectories of the emissions of both neutral and ionic species,
Fig. 3.11(b), are strikingly different from the free ablation case. These trajectories
show very clearly that the emission is strongly decelerated in the magnetic field
with a deceleration of the order of ~ —10'% ¢m s~2. The average position that the
neutral lines reach is about 2 mm at 400 — 500 ns and does not move beyond that
point. The average position that the ionic line emission reaches is 5 mm at about
500 ns and does not move much beyond that point.

The deceleration of the plasma flow and the enhancement in the state of exci-
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Figure 3.10: Spatial intensity profiles of the ionic lines at about 491 nm and of
the neutral lines at 510.5, 515.3 and 522 nm (a) and (c) without and (b) and (d)
with magnetic field at 200 and 600 ns.

tation in plasma expanding across magnetic field lines has already been observed
by several authors [12, 13]. They attribute these effects to the J x B force and con-
sequent Ohmic heating caused by the induced current, J. As the plume expands
across the magnetic field, the J x B term acts to decelerate the flow. This will
lead to Joule heating of the electrons so that electrons will have enough energy to
continue to excite the expanding plume. Now, because part of the kinetic energy
of the plume is transformed into electron heating, the plume slows down. Harilal
et al. [12] also observed an increase in temperature when the plasma expands in
a magnetic field compared with the free ablation case. The authors attribute this
increase to the Ohmic heating. However, our temperature measurements showed
no increase in temperature in the presence of the magnetic field - rather, a decrease
was detected in the temperature.
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Figure 3.11: Average position of the emission of different lines as a function of
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linear fit.
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Figure 3.12: Evolution of the ion density at 2 mm from the target calculated
from the ion signal shown in Fig. 3.3(a).
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Figure 3.13: Comparison between LTE and non-LTE PrismSPECT calculations

of the relative intensities of several Cu I lines. The calculations were done for a
plasma with density of 9 x 10** ¢m =3 and 10 mm thick.

The evolution of the electron temperature was extracted from the emission
spectra in Fig. 3.5, using the Boltzmann plot method already discussed in Sec-
tion 1.3.3. The use of Boltzmann’s statistics requires LTE, hence first it should
be verified that the condition for LTE is satisfied. According to McWhirter’s cri-
terion, equation (1.63), the relative populations of two levels will be in LTE if
ne > 1.6 x 10'2 /T, (AE)? em=3. Thus, assuming a temperature of about 1 eV’
and a transition energy of 2.5 eV, n, > 2 x 10" em =2 is required to maintain LTE
between 4d 2D and 4p 2P multiplets. Fig. 3.12 shows the ion density at 2 mm
from the target as a function of the time. It can be seen that at 2 mm from the
target, the McWhirter criterion is satisfied for delay times up to about 200 ns,
while for later times the plasma density falls below the required value. It should
also be said that the density calculated at 2 mm is not an accurate measurement of

the density. As shown in Fig. 3.4 the expansion of the plasma starts to be inertial
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Figure 3.14: Boltzmann plots at 2 mm from the target and 600 ns (a) for the
free ablation case and (b) with the magnetic field.

at about 3.4 mm from the target and hence the Anisimov model can be applied for
distances > 3.4 mm. Therefore the density calculated at 2 mm from the target is
not an accurate theoretical prediction but an order of magnitude estimate of the
density at that point.

In the interpretation of the emission spectra PrismSPECT was also used. Cal-
culations were done in both LTE and non-LTE cases. Fig. 3.13 shows the calcu-
lated relative intensities of some Cu I lines. From this plot it was found that the
values of temperature obtained by assuming LTE differ from the non-LTE values
by less than 0.1 eV/. Hence we can still use a Boltzmann plot of the relative inten-
sities of the neutral lines to estimate 7.

Boltzmann plots were analysed for varying time delays and distances from the
target to map out the temperature. An example of this is shown in Fig. 3.14. The
area under the spectral lines was calculated in order to determine /, whilst the val-
ues of the upper-level energy, E,, state degeneracy, g, and transition probability,
Ay were taken from [64] and are shown in Table 3.1. In Fig. 3.15 it can be seen
that at 250 ns, T, is somewhat higher for the magnetic field case; however, at late
times (> 400 ns) it is lower in the presence of the magnetic field.

The spectral resolution of our spectrometer was not sufficient to use Stark
broadening for the measurement of electron density. However through comparison
with PrismSPECT, the absolute intensity of the spectral emission may be used
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Figure 3.15: Comparison of the temperature 7, with and without magnetic field
as a function of time at 2 mm from the target surface.

Parameters Free ablation With B-field

Thickness (mm) 10 10
Temperature (eV) 0.8 0.6
Density (cm?) 9 x 10™ 5.8 x 10™

Table 3.2: PrismSPECT parameters used to fit the measured spectra at 600 ns
and 2 mm from the target.

to estimate the plasma density. Fig. 3.16 shows the fit of the calculated with
the measured spectra at 600 ns and 2 mm from the target surface. These Prism-
SPECT calculations were done in non-LTE mode; the input parameters used in
both cases without and with magnetic field, are summarized in Table 3.2. From
Fig. 3.4 the transverse plume dimension (in the y-direction) at 600 ns is ~ 10 mm,
then a plasma thickness of 10 mm was chosen for these calculations. The plasma
density extracted from the fitting of the spectra acquired without a magnetic field

was 9 x 10* e¢m 3, while with the magnetic field the lower value of 5.8 x 10 ¢m =3
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was found. The value of density found from the fit in the free ablation case is in
good agreement with the value of density of 7.3 x 10 e¢m 3 estimated from the
ion probe signal in Fig. 3.3. The lower value of density in the magnetic field case
may be due to the lateral expansion of the plasma, i.e. along the magnetic field

lines.

3.4 Discussion

As discussed in Section 1.2.2, the plasma can expand freely along the magnetic field
lines. Conversely, in the direction orthogonal to the magnetic field, the velocity
is in inverse proportion to B as detailed in equation (1.50). Hence the plasma
is expected to be decelerated as it expands across the magnetic field. Plasma
deceleration and confinement are very evident in the results described above, in
particular in Fig. 3.5, Fig. 3.10 and 3.11. The extent of plasma confinement
towards the target by the magnetic field can be compared with the one found from
the MHD model described in Section 1.2. An estimate of the stopping distance
can be determined by considering the position where the plasma pressure is equal
to the magnetic pressure. However, it is known that for a LPP expanding freely
in vacuum, thermal energy is quickly converted to kinetic energy associated with
the plasma flow [34], hence the thermal energy can be neglected.

The ion probe signal can be used to estimate the ram pressure due to the
2

plasma flow. The ram pressure is Pr = n;m;v;, where n; is the ion density, m;
is the ion mass and v; is the ion velocity. At the probe position (10 ¢m) the ion
density at the time of maximum ion flux (4 us) can be calculated using equation
(2.1) and is ~ 8 x 10*® m 3. This corresponds to a ram pressure of ~ 5 Nm 2. For
a 3D self-similar expansion this ram pressure will scale as (plasma dimension)'/3.
The magnetic pressure (Pg = B?/2u) for 320 mT is 4 x 10* Nm 2. Thus the ram
pressure will be equal to the magnetic pressure at 5 mm. This is in good agreement
with the experimental results shown above. The neutral emission shows a stopping
distance of 2 mm, while for the ion emission the value is 5 — 6 mm.

It is also possible to estimate the stopping distance using the hemispherical
magnetic model of Ripin et al. [40]. The authors determined the stopping distance

from the work done by the plasma to exclude the magnetic field from its volume.
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As discussed in Section 1.2.2, since the plasma is a conductive medium, as it
expands in the magnetic field an internal diamagnetic current arises to exclude
the field from its interior. This diamagnetic current interacts with the magnetic
field through the J x B force. The J x B term acts to decelerate the forward
motion of the plume. At early time the plasma thermal pressure and the ram
pressure are both much greater than the magnetic pressure. Thus the expansion
is diamagnetic in nature and will continue until the excluded magnetic energy is
comparable to the total plasma energy. Ripin et al. assume the exclusion of the
field to be complete and the expansion of the plasma to be hemispherical. Thus,

from the conservation of energy, the stopping radius Rp is [40]:

__ 3 3;UfOELa
Rs = {220 (3.4)

where F, is the laser energy absorbed in the ablation plume. While we have not
measured the fraction of the laser energy absorbed in the plasma, on the basis
of previous reports, it is likely to be less than 50% [24, 67]. Taking laser energy
absorbed in the plasma to be ~ 20 mJ (i.e. 50%), then according to equation
(3.4), it is expected that in a 320 mT field the plume will be stopped when it
reaches a radius of 4.4 mm, in agreement with the value found above.

The deceleration due to the work done by the plasma to exclude the magnetic
field from its volume is given by equation (1.49) and it is re-written below for

clarity [40]:
2
B -
oMo

where M, is the mass of the plasma. Typically the number of atoms ablated per

shot is ~ 1 x 10, which, for copper atoms, corresponds to a mass of 1.055 x
10719 kg. Then, taking r in the above equation to be Rp, g is ~ 2 x 102 ¢cm s72.
This value agrees well with the deceleration of the plasma observed in Fig. 3.11.
As mentioned above, at 600 ns the plasma density profile derived from the
Langmuir probe signal (Fig. 3.3) has two components, one at few millimeters from
the target (< 3 mm) and the other at 9 mm. These features are well correlated
with the positions of the maximum emissions on the ion and neutral lines shown in

Fig. 3.10. At first it may seem surprising to find neutral line emission correlated
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Figure 3.17: (a) Population fraction of Cu I, Cu I and Cu III and (b) intensity
of the ionic line at 491 nm and the neutral lines at 510 and 521.8 nm as a function
of the temperature calculated with PrismSPECT for a plasma with an ion-atom
density of 9 x 10 em 3.

in space with singly ionized species. However, this observation can be explained
using PrismSPECT. Fig. 3.17(a) shows the population fractions of Cu I, Cu II
and Cu III as a function of the temperature calculated with PrismSPECT in non-
LTE mode for a plasma with an ion-atom density of 9 x 10'* ¢m 3. While Fig.
3.17(b) shows the calculated intensity of the lines at 491, 510.5 and 521.8 nm as a
function of the temperature. It can be seen that the Cu II ions are predominant
for T, between 0.6 and 1.4 eV, while the emission of a Cu I line such as the line
at 521.8 nm is strong in the same range of temperature. Similarly, the Cu III ions
predominate between 1.4 and 2.8 eV, while the Cu II line is strong between 1.2
and 2.8 eV. This suggests that there is a correlation of the spatial distribution of
a particular line emission with the spatial distribution of the species of the next
ionization stage. This is due to the fact that, when a particular excited level is in

LTE with higher levels and the ground state of the next ion, there will be strong
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collisional exchange between the excited level and the next ion. This correlation
can also explain why the neutral emission is strongly confined by the magnetic
field.

As mentioned above, at late times (> 400 ns) the value of T, derived from the
spectral line emission is lower with the magnetic field than for free ablation. From
400 to 600 ns with the magnetic field, there is a relative enhancement of the lines
at 510, 570 and 578 nm. Fig. 3.9 and 3.10 clearly show this relative change in the
line intensity. As an example, it can be seen that at 600 ns and 1 mm from the
target, the lines at 510, 570 and 578 nm are stronger in the magnetic field by a
factor of about 7 compared with the free ablation case. These three lines are due
to radiative decay of the 3d'°4p 2P,y 3/2 (see Fig.3.7), which are lower in energy
than the other excited levels of interest. As shown by Fig. 3.17(b) the intensity
of the line at 510 nm becomes higher than the other neutral lines for temperature
below 0.65 eV. Comparing this with Fig. 3.15 it is possible to conclude that it is
the lower value of T, with the magnetic field at late time which accounts for the

relative enhancement of the lines at 510, 570 and 578 nm.
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Chapter 4

Plasma expansion along a

magnetic field

This chapter describes the results of experiments to investigate the expansion of a
copper LPP along a magnetic field. The aim was to confine the lateral expansion of
the plasma. Analysis techniques included ICCD imaging, spectroscopy, Langmuir

ion probe measurements and thin film depositions.

4.1 Experimental setup

A schematic of the experimental setup is shown in Fig. 4.1. The magnetic field
for this experiment was produced by two Nd-Fe-B ring magnets attached to an
iron yoke. The magnets used here were the same as those used in the experiment
described in the previous chapter (Section 3.1). The distance between the magnets
was 35 mm. The origin of the coordinate system used to describe the field is taken
to be on the axis of the system and midway between the magnets, as shown in Fig.
4.1. The magnetic field configuration was designed using COMSOL [63] and shown
in Fig. 4.2. In particular, Fig. 4.2(a) shows the calculated magnetic field lines and
the position of the target between the magnets. Fig. 4.2(b) shows the variation of
the field along the z direction for x = y = 0; Fig. 4.2(c) and (d) show the variation
in the x or y direction at z = 0 and z = —9.5 mm (which corresponds to the target

position), respectively. The magnetic field was measured with a Hall probe and,
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NdFeB ring magnets

Figure 4.1: Schematic of the experimental setup.

as can be seen in Fig. 4.2(c)-(d) the calculated field profiles agree closely with
Hall probe measurements. Along the z direction the field increases rapidly from a
value of 11 mT at the magnet surface to 320 mT at 8 mm from the surface and
remains constant at this value over a region spanning 20 mm. The copper target
was placed at 8 mm from the surface of one of the magnets (z = —9.5 mm) as
indicated by the vertical line in Fig. 4.2(b). Thus the plasma is produced in, and
expands into, a region of uniform field. The distance of the target with respect to
the magnet surface was varied from 1.5 mm (z = —16 mm) to 17.5 mm (z = 0).
However, since no substantial differences were observed in the plasma dynamics,
only the results of the measurements obtained with the target at z = —9.5 mm
are shown herein.

A 248 nm , 20 ns excimer laser was used to irradiate the Cu target in a stainless

steel vacuum chamber, at a pressure of about 10~* mbar. The laser spot area was
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Figure 4.2: (a) Calculated magnetic field lines. The color scale indicates the
magnetic field strength in 7. The vertical orange line indicates the position of the
target; (b), (¢) and (d) comparison of the measured and calculated magnetic field
profiles. The target is positioned at z = —9.5 mm. In (b) the dashed line indicates
the position of the target.
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0.02 em? giving a fluence of about 4 J ecm 2.

The target was rotated to reduce
drilling.

The influence of the magnetic field on the plasma flow was investigated as
follows. The ion flux was measured using a planar ion probe negatively biased at
—10 V. The probe was 2 x 2 mm? and was placed on the z axis at 20 mm from
the target and oriented to face the target.

Time resolved optical imaging and time- and space-resolved optical emission
spectrometry of the plasma self-emission was also used viewing the plasma in the y-
direction, i.e. orthogonal to the target normal. The time resolved optical imaging
shows the evolution of the shape of the plasma plume and it was done with an
ICCD with a minimum gate time of 2 ns.

For the emission spectrometry, a spectrometer coupled with a second ICCD
was used. The details of the optical setup was already described in the second
chapter - see Fig. 2.2. Both the ICCDs used in this experiment were triggered to
record the emission simultaneously and at various time delays after the laser had
fired. At each time delay the background was acquired and subtracted from the
corresponding emission signal.

Furthermore, depositions on glass substrates were made at 20 mm from the
target to investigate how the magnetic field influences the amount and spatial
distribution of the ablated material.

The set of measurements presented herein were repeated several times and they

were found to be reproducible.

4.2 Mass ablated

At first, the mass ablated per pulse was measured in both cases, without and
with the magnetic field. Keeping the target stationary, a small crater was formed
in the Cu target with 1000 laser shots. The ablation spot was nearly elliptical
with minor and major diameters of 1.25 mm and 2.1 mm, respectively. The
elliptical crater was scanned using a surface profiler and the ablation mass per
pulse estimated. Fig. 4.3 shows the crater profile along the minor axis. The
maximum ablation depth per pulse was about 16 nm in both cases, without and
with magnetic field. Without the magnetic field the number of atoms ablated per
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Figure 4.3: Comparison of the crater profiles along the minor axis obtained
without and with magnetic field with 1000 laser shots.

shot was (1.6+0.1) x 10'® and with the magnetic field was (1.840.1) x 10'°. Thus,
within the accuracy of the measurement, the field does not influence the amount

of material ablated.

4.3 Langmuir ion probe measurements

Fig. 4.4(a) shows the ion current per unit area at 2 cm from the target recorded on
the Langmuir ion probe for both free ablation and in the presence of the magnetic
field. The TOF at the maximum ion flux for the free ablation is 1.2 ps which
corresponds to an ion velocity of 1.6 x 10° cm s~! and ion energy of 94 eV. In the
free ablation case, since the expansion is self-similar, the ion signal was used to
estimate the plasma density profile at 600 ns as a function of the distance and it
is shown in Fig. 4.4(b). Indeed the ion TOF signal was used to find the ion energy
distribution through equation (2.5) and it is shown in Fig. 4.4(c). The average
energy is about 63 eV, but it can be seen that the ion energies range up to about
200 eV.
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Figure 4.4: (a) Ion time of flight signals without and with magnetic field acquired
with Langmuir probe at 2 cm from the target, at a laser fluence of 3 J em=2. (b)
Ion density profile at 600 ns as function of the distance from the target and (c)
ion energy distribution in the free ablation case.
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s Up Vs Ion yield

(us) (ems™') (ems™t) (ionscm™2)

Without B-field 1.2 1.6x10% 24 x 10® 1.15x 10
With B-field 08 25x10% 3.6 x 10° 7 x 1014

Table 4.1: Results obtained from the ion signals in Fig. 4.4(a). ¢, is the time at
the peak ion flux; v, is the peak ion velocity; vy is the front velocity.

Fig. 4.4(a) also shows the ion probe signal at 2 cm in the presence of the axial
magnetic field. Since the magnetic field is normal to the surface of the probe, it
should not significantly influence the ion signal due to plasma flow along the field
lines. The peak ion current density is 6 times higher than the free ablation case,
indicating substantial concentration of the plasma flow in the forward direction.
Assuming the ions are mainly singly charged, the signals in Fig. 4.4(a) can be used
to find the ion yields. The values are: 1.15 x 10* ions cm 2 without the field and
7 x 10" jons cm~? with the field. It can also be noted that, with magnetic field,
the arrival of the plasma at the probe and TOF at maximum of the ion signal
occurs at earlier times than for the free ablation, which would seem to indicate
a faster forward expansion, at least for some part of the flight from the target
to the probe. Table 4.1 summarizes the main results found from the ion probe

measurements.

4.4 ICCD imaging

Fig. 4.5 shows images of the plasma self-emission at various delays after the
laser pulse. Longer gate widths were used for the longer delays, but the gain
setting on the intensifier was kept constant. For free ablation the plume shows the
normal, approximately semi-ellipsoidal, shape. The plume front moves out from
the target at about 2.15 x 106 em s~!, which is in good agreement with the value of
2.4 x 10% em s~! found from ion probe signal. In the presence of the magnetic field
the plume is distinctly different. Up to delays of about 300 ns the two cases are
quite similar, but at 300 ns the plume in the magnetic field begins to look more

cylindrical. From 300 ns onwards a rather flat conical flare is observed near the
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4.4 ICCD imaging
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Figure 4.5: Time resolved images of the Cu plasma self-emission acquired with
the ICCD without, and with, magnetic field. The time delays and the gate time-
width, g.w., relative to each image are indicated in the first column. The images
were acquired with the same gain and are background corrected. Top images show
the position of the target and the magnets opposite to the target. The dashed line
indicates the hole of the magnets.
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target surface. From 600 ns onward the cylindrical plume shape is more evident
and the flare structure continues to develop. The emission from the region beyond
10 mm remains weak, but clearly plasma is moving through this region since its
arrival at the hole in the magnet in front of the target can be observed. The
light emission from the region at the surface of the magnet in front of the target
first appears at about 600 ns, indicating a plasma velocity of 4.5 x 106 em s~ 1,
which is comparable with the value of 3.6 x 1076 em s~! found from the ion probe
signal. At 1 us delay the flare emission and the cylindrical plume between the
magnets are very clear. In addition, intense emission is observed in the edge of
the hole in the magnet in front of the target. In this region, as shown in Fig. 4.2,
the magnetic field lines, which are axial in the region between the magnets, turn
sharply to a more radial direction. There is then a component of field normal to
the plasma velocity. The radial field will act to decelerate the axial flow (similarly
to the experiment discussed in the previous chapter) and heat the plasma. Also,
the confinement due to the deceleration increases collisions, which re-excites the
plume.

Strong radial confinement of the plume by the magnetic field in the region
between the magnets is expected and is similar to the confinement observed by
Pisarczyk et al. [16], albeit for much hotter plasma and higher magnetic field.
The X-ray images in that paper show an emission region of larger radius near
the target, but not the flare described above. The flare emission may be due to
an interaction near the target surface of the radial component of plasma velocity
with magnetic field inducing an azimuthal current which heats the plasma in that

region. However, full physical description requires detailed fluid modeling.

4.5 Spectroscopic measurements

Fig. 4.6 shows a comparison of space-resolved spectra without, and with, magnetic
field which have been acquired simultaneously to the images in Fig. 4.5. From
these spectral images it is possible to follow the expansion of the plume in the
region from the surface (zero position) to 19 mm in front of the target. Thus the
surface of the second magnet is not visible in these spectral images. The spectral

lines observed here are the same as those observed in the experiment described
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Figure 4.6: Time- and space-resolved spectra of the Cu ablation plume for various
time delays, without and with magnetic field. The time delays and the gate time-
width, g.w., relative to each image are indicated in the first column. The images
were acquired with the same gain and are background corrected.
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Figure 4.7: Average position of the emission of different lines as a function of
time without magnetic field. Also indicated are the velocities obtained from the
linear fits.

in the previous chapter. The three strongest lines are the neutral lines at 510.69,
515.32 and 522.15-521.81 nm. The Cu II emission about 491 nm is also observed.
Fig. 4.7 shows the average position as a function of time of the emission of the
ionic lines at about 491 nm and the two neutral lines at 510 and 5214522 nm
for the free ablation. The emission of the Cu II lines moves away from the target
with a velocity comparable to the values obtained from the ion probe and the
time resolved imaging. Once again it can be noted the ion feature is moving away
from the target more rapidly than the neutral lines and, as already discussed in
Chapter 3, this is a normal feature of space resolved spectra from LPP. Fig. 4.8
shows the spectra obtained at 1 and 4 mm from the target at time 900 ns without
and with magnetic field. In the free ablation case the spectra at 1 and 4 mm are
very similar. From this specra and from the spectral images obtained without a
magnetic field it can be noted that at times (900 ns — 1 us) the neutral emission

is nearly uniform. It should be remembered however that in these space-resolved
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Figure 4.8: Spectra at 1 and 4 mm at 900 ns (a) without and (b) with magnetic
field.
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Figure 4.9: Spatial intensity profiles of the ionic lines at about 491 nm and of
the neutral lines at 510, and 522 nm (a) and (c¢) without and (b) and (d) with
magnetic field at 300 ns and 600 ns.

spectra, the emission is collected from a thin horizontal slice of the plume.

In the presence of the magnetic field the spectra are different in several respects
from the free ablation case. For most of the time interval examined, with the
magnetic field present, the lines are particularly bright near the target, which
may be due to the flare structure. After about 10 mm the line intensity drops, in
agreement with the images in Fig. 4.5. Furthermore, the intensity of the ionic lines
at around 491 nm is distinctly stronger in the magnetic field. Fig. 4.9 shows the
spatial intensity profiles of the ionic lines at around 491 nm and the two neutral
lines at 510, 522 nm, without and with magnetic field. As can be seen, the ionic
emission in the presence of the magnetic field is about 2-3 times higher than in the
free ablation case. This suggests the magnetic field is concentrating the plasma
along the axis of expansion. At times > 600 ns, in the magnetic field case, there is
an increase in the intensity of the 510 line relative to the 521+522 and 515 lines,
as clearly showed in Fig. 4.8(b). This feature also was observed in the experiment

described in Chapter 3, for plasma expanding in a transverse magnetic field. As
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Figure 4.10: Temperature profile without and with magnetic field as a function
of time at 2 mm from the target surface.

already showed in the previous chapter, this change in the relative intensity of the
neutral lines is indicative of a lower electron temperature.

The evolution of the electron temperature was found by using a Boltzmann
plot method. According to the plasma density profile derived from the ion signal
in Fig. 4.4(a) in the free ablation case, it was found that at 2 mm from the target
the McWhirter criterion is satisfied for delay time < 800 ns. Since the plasma
density is expected to be significantly higher when the magnetic field is present
as consequence of the lateral confinement of the plasma, LTE also applies in the
same time and space domain as without the field. Fig. 4.10 shows the temporal
variation of T, at 2 mm from the target for both free ablation and ablation in
the magnetic field. As expected, it can be seen that at late time, > 600 ns, T is

slightly lower in the presence of the magnetic field.

4.6 Thin film depositions

To investigate the influence of the magnetic field on the amount and distribution of

ablated material flowing away from the target, thin film depositions were made on
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Figure 4.11: Distribution of Cu deposition per laser pulse on glass slides at 2 cm
from the target: (a) without magnetic field, and (b) with magnetic field. The
color scale indicates the thickness in nanometers; (c) comparison of the thickness
profiles across the center of each thin film.
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Figure 4.12: Images showing the distribution of Cu deposition on glass slides at
3.2 em from target: (a) for 10000 laser shots and with the electrode at float, and
(b) for 1000 laser shots and with the electrode at +10 V.

glass slides placed at 2 em from the target. For free ablation 3000 laser shots were
used, while in the magnetic field, where the deposition rate is higher, 750 shots
were used. The depositions were analyzed according to the method discussed in
Section 2.4. Fig. 4.11(a) and (b) show the images of the depositions for free ab-
lation and for the magnetic field case, respectively. Fig. 4.11(c) overlaps the two
cross sectional profiles of (a) and (b) at the center of both depositions. From the
depositions, the followings can be noted: in the presence of a magnetic field the
deposition is restricted to a significantly smaller area; the magnetic field affects
the expansion of both neutral and ionic components in the plasma; the deposition
rate at the center of the film is increased by a factor of ~ 2.6 and the shape of the
deposition is less regular and shows fluted projections along the vertical direction,
which may indicate the development of a plasma instability [4, 40].

A cylindrical electrode coaxial with the plasma expansion axis was placed mid-
way between the magnets, with the aim of improving the collimation and also
the symmetry of the plume. The electrode was 10 mm in diameter and 4 mm in
length. The target was placed at z = —16 mm. Fig. 4.12 shows the deposition
obtained on a glass slide placed at 3.2 ¢m from the target in two cases: (a) with no
voltage on the electrode (electrode at floating potential) and (b) with +10 V on the
electrode. As can be seen, the presence of the biased electrode further concentrates
the plasma about the expansion axis. Although still irregular, an improvement is

also seen in the symmetry of the distribution of material deposited.
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4.7 Discussion

It has been shown that when a low temperature LPP is directed along a moderate
(0.3 T') magnetic field, the lateral expansion of the plasma is severely constrained.
In this regard, it was noted that the magnetic field affects the expansion of both
neutral and ionic components of the plasma. Also, in the presence of the magnetic
field, there is a very marked change in the relative intensities of the neutral lines.
This behavior was already observed in the experiments described in the previous
chapter, for a plasma expanding across a magnetic field and an explanation was
offered in Section 3.4. The confinement of the neutral emission was explained by
showing that there is a spatial correlation between the neutral emission and singly
ionized species. It was also shown that it is the lower value of temperature with the
magnetic field at late time (Fig. 4.10) which accounts for the relative enhancement
of the lines at 510, 570 and 578 nm. The same arguments can be applied to the
plasma expanding along the field of this scenario.

Furthermore, similarly to the discussion reported in the previous chapter, the
lateral plasma confinement can be explained in terms of a simple MHD model of
the interaction of the LPP with the magnetic field. From the ICCD images in Fig.
4.5, it was observed that up to delays of < 300 ns the images in the two cases,
without and with magnetic field, are quite similar. The effects of the magnetic
field on the plasma expansion become evident at 300 ns, when the plume begins
to look more cylindrical. The plume size at which the magnetic field is expected to
begin to influence the plasma flow can be estimated by equating the ram pressure,
due to the plasma flow orthogonal to the field, to the magnetic pressure. The

magnetic pressure for 320 mT is 4 x 10* N m 2.

For the free plume, the ram
pressure in the z direction at the probe position (2 ¢m), at the time of maximum
ion flux (1.2 us), is Pr = 1.7 x 103 N m~2. For a 3-D inertial expansion, the

1/3 and its transverse component is k? times

ram pressure scales as (plume radius)
smaller than in the forward direction, where k is the aspect ratio in the x or y
direction. From the images in Fig. 4.5 for the free ablation case, the aspect ratio,
k., can be estimated and it was found to be ~ 2.6. Thus it is estimated that the
ram pressure in the transverse direction will be equal to the magnetic pressure

when the plume transverse radius is ~ 1.4 mm. This is close to the value of the
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transverse radius at 300 ns when influence of the magnetic field is first observed.

110



Chapter 5

Plasma expansion along a

converging magnetic field

This chapter describes the results of a preliminary study aimed to investigate the
effect of a combination of magnetic and electric fields on the plume expansion. A
converging magnetic field parallel to the plasma flow was used and an electrode

was utilized to apply the electric field.

5.1 Experimental setup

A schematic of the experimental setup is given in Fig. 5.1. The laser source was
a Nd:YAG laser with 6 ns pulse width and a wavelength of 1064 nm. A silver
(Ag) target was irradiated by the laser beam in a stainless steel vacuum chamber.
The fluence chosen for this experiment was about 2 J em 2. The silver target was
rotated to reduce drilling. The magnetic field was produced using a cylindrical
Nd-Fe-B permanent magnet with a 5 cm diameter and 2 ¢m height. The magnet
was placed in front of the target, 6 cm from the target surface, so that the plasma
could flow along the magnetic field lines. The origin of the coordinate system used
to describe the field is taken to be on the axis of the system and on the plane of
the target surface. Fig. 5.2 shows the magnetic field calculated with COMSOL.
In particular, Fig. 5.2(a) shows the magnetic field lines, Fig. 5.2(b) displays the

calculated axial profile of the magnetic field and (c) shows the variation of the x
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1CCD

NdFeB magnet

lon probe

Figure 5.1: Schematic of the experimental setup. R is a load resistor of 1 k€2;
R; is a resistor of 0.1 €2; C is a capacitor of 1 uF'; “Osc” is the oscilloscope.
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Figure 5.2: (a) Calculated magnetic field lines. The color scale indicates the
magnetic field strength in 7. The vertical grey line indicates the position of the
target. (b) Magnetic field profile along the z axis, from the target surface, at zero
position, to the magnet, at z = 6 cm. (c) Variation along the z axis of x-component
of the magnetic field at x=2 and 3 mm.
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component of the magnetic field along the z axis for z = 2 and 3 mm. As it can
be seen, the axial magnetic field increases from a value of 20 mT at the target
surface to ~ 400 mT at the magnet surface. The orthogonal component of the
field also increases with the distance from the target and is higher moving away
from the z axis. As an example, at x = 3 mm, B, is ~ 1 mT at the target surface
and ~ 20 mT" at the magnet surface.

The electric field was imposed using an electrode coaxial with the plasma ex-
pansion axis. As shown in Fig. 5.1, the electrode was made by winding a copper
wire, giving a coil-like shape. It was 3 ¢m long with 6 turns, the smallest of radius
0.5 ¢m, the largest of radius 1.1 em. The diameter of each winding was chosen
to match the magnetic flux tube. The coil was connected to a capacitor placed
outside the vacuum chamber. The circuit used to charge the coil is shown in Fig.
Bl

To investigate the effects of the magnetic and electric fields on the plasma flow,
time resolved optical images of the visible plasma emission as well as time-of-flight
measurements were recorded. Furthermore, some simple depositions were made
to analyze the amount and distribution of the deposited material. All the mea-
surements were done in three different conditions: without magnetic and electric
fields (free ablation), with magnetic field only and with both magnetic and electric
fields, with the electrode at +50 V.

The set of measurements presented herein were repeated several times and they
were found to be reproducible.

5.2 Langmuir ion probe measurements

A Langmuir probe of dimensions 3.28 x 2.08 mm was set at 5.5 cm from the target
and oriented to face the plasma flow. Fig. 5.3 shows the measured ion signals for
the three different cases here considered: free ablation, with magnetic field and
with both magnetic and electric fields. As expected, this plot shows an increase
in the ion signal when the magnetic field is present, with a further increase when
the electric field is added to the magnetic field. From these ion signals, the ion
yields were calculated. The values obtained and the time, ¢,, of maximum ion

flux are given in Table 5.1. As is clear from Table 5.1, the electrode bias causes a
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Figure 5.3: Ion signals acquired with the Langmuir probe at 5.5 ¢m from the
target.

ty Ion yield
(us) (ions em™2)
Free ablation 1.9 1.9 x 102
With B-field 2 2.6 % 102
With B-field + 50 V. 2.5 5 x 10

Table 5.1: Time, ¢,, corresponding to the peak ion flux and ion yield obtained
from the ion signals in Fig. 5.3.

large increase in the ion yield. In fact, when the electrode is biased the ion yield
is twice the ion yield obtained using only the magnetic field and is ~ 2.6 times
higher than the one for the free ablation. These results confirm that the magnetic
field confines the lateral expansion of the plasma and that the electrode acts to
further collimate it. Another interesting feature that emerges from the ion signals
is the increased presence of slower ions when the fields are applied. This feature
will be more clear from the ICCD images which are shown and discussed in the
next section.

The current drawn from the electrode was also monitored during this experi-

ment. Fig. 5.4 shows an example of current signal recorded at 50 V. The signal
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Figure 5.4: Current drawn by the electrode biased at 50 V.

presents a narrow peak at 0.25 ps and a much slower component that lasts until
~ 18 ps. The sign of the current drawn by the electrode is negative in agreement
with the results reported in [7]. It seems possible that the fast electron peak is
due to photoemission from the plasma causing the emission of photoelectrons from
the chamber wall. These electrons are then collected by the positively biased elec-
trode. However the behavior of the current has not been completely understood

at the moment and further investigations are required.

5.3 ICCD imaging

Fig. 5.5 shows the images of the time evolution of the expanding plasma in three
cases: 1) free ablation, 2) with the magnetic field and 3) with both magnetic and
electric field. The ICCD imaged the region up to 5.5 ¢m in front of the target
surface (at zero position in each image). In the free ablation case the normal semi-
ellipsoidal expansion is observed. In the presence of magnetic field the dynamics

of the expansion change significantly when compared to free ablation and these
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Figure 5.5: Time resolved images of the Cu plasma self-emission acquired with
the ICCD without magnetic field, with magnetic field only and with both magnetic
and electric field. The time delays, the gate time-width, g.w., and the gain relative
to each image are indicated in the first column.
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changes are further enhanced by applying voltage to the electrode. The imaging
clearly shows that the magnetic field constrains the expansion to a smaller solid
angle than in the case of free ablation. Another observable effect is how the rate
of expansion is retarded. This is in agreement with the observed increase of slower
ions in the probe signals in Fig. 5.3 and is due to the component of the magnetic
field orthogonal to the expansion axis. It would seem that this relatively weak
orthogonal magnetic field (Fig. 5.2(c)) near the target is acting to constrain the
expansion of the plume. Moreover the positive voltage on the electrode further
retards the plasma expansion. Furthermore, the plume emission is higher when
only the magnetic field is present in agreement with the results of the experiments
described in the previous chapter. However, surprisingly, when the electric field is
added, the emission intensity is about the same as for the free ablation until time
< 600 ns and becomes lower at later times.

5.4 Thin film depositions

The silver plasma was deposited on glass slides placed at 6 cm from the target.
The depositions were realized with 30000 laser shots at a fluence of 2 J ecm™2.
Samples of these are shown in Fig. 5.6(a) for the three different cases considered.
The deposition profile was found by measuring the optical transmission of the film
and is displayed in Fig. 5.6(b). It is clear from these figures that the magnetic
field has a significant influence on the amount of material deposited and on its
distribution. In agreement with the observed collimation of the plume, the deposit
rate increases in the vicinity of the expansion axis by a factor of 5 compared to the
normal ablation. However, contrary to our expectation, applying a voltage of 50 V'
to the electrode, in the presence of the same magnetic field, reduced this effect. In
this case, the increase of the deposit rate is of a factor of 3 compared to the free
ablation rate. Moreover the spatial distribution reveals some complex structures.
With the magnetic field and magnetic field plus positive bias the deposition is
quite non uniform. It seems that the film has been eroded in certain areas. The
reason is not clear, but perhaps the plasma focusing is subject to instability [4].
Also there is a voltage of 50 V' between the center and the edge of the plasma and
the film may be acting to short that voltage and heat the material deposited.
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Figure 5.6: Depositions of silver on glass slides placed at 6 ¢m from the target.
30000 laser shots at 2 J cm? were used to make these depositions. (a) Optical
images of the depositions and (b) measured thickness.
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Focusing of LPP with a plasma

lens

The main objective of the experiments described in this chapter was to characterize
the laser produced plasma going through a plasma lens (PL), in an attempt to
focus or collimate the plasma. Langmuir ion probe measurements and thin film

depositions were used to study the plume expansion.

6.1 Experimental setup

A schematic of the experimental setup is shown in Fig. 6.1. The origin of the co-
ordinate system used to describe the field is taken to be on the axis of the system
and on the plane of the target surface, as shown in Fig. 6.1(a). The magnetic field
configuration was designed using COMSOL [63] and is shown in Fig. 6.2. The
plasma lens had an aperture of 10 mm and a length of 3.4 ¢m. The plasma lens en-
trance plane was placed at 4.2 ¢m from the target surface. As shown in Fig. 6.1(b)
the plasma lens used consisted of five electrodes inserted in the magnetic field of
the permanent magnets. The design of the plasma lens was based on the studies
of Goncharov and co-workers discussed in Section 1.2.3. In order to produce the
optimum magnetic field configuration, three Nd-Fe-B ring magnets alternated with
four iron rings were used. Both iron and magnets had external diameter of 45 mm

and internal diameter of 15 mm. The length of the central magnet was 8 mm;
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Figure 6.1: (a) Schematic of the experimental setup and (b) schematic of the
plasma lens.
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Figure 6.2: (a) Magnetic field lines inside the plasma lens in the x-z plane calcu-
lated with COMSOL. (b) Calculated magnetic field profile along the z axis. The
target position (z = 0) is indicated by the orange dashed line, while the two black
dashed lines mark the position of the plasma lens entrance and output, respec-
tively at z = 4.2 em and z = 7.6 cm. Outside the plasma lens the calculated
field is compared with the one measured. (c) Comparison between the calculated
magnetic field inside the plasma lens (shown in (b)) and the optimum magnetic
field given by equation (1.57).

while for the two other magnets it was 4 mm. The two iron rings attached next
to the central magnet had length of 1 mm, while the two external iron rings had
length of 4 mm. Fig. 6.2(b) shows the magnetic field profile along the z direction
calculated with COMSOL. The magnetic field outside the PL was also measured
with a Hall probe and found to be in good agreement with the calculated field. In
Fig. 6.2(c) the axial magnetic field profile is compared with the optimum field as
given by equation (1.57). The maximum magnetic field strength is at the center
of the plasma lens, where it has an absolute value of ~ 380 mT. At the target
position, z = 0, the magnetic field strength is about 28 mT" and at the plasma lens
entrance, z = 4.2 c¢m, it is 43 mT.

Five copper ring electrodes were introduced inside the hole of the magnet+iron
rings to produce the electric field. The electrodes were mounted in a nylon tube,
to provide insulation between the magnets and the electrodes. Nylon rings spac-
ers were also used to separate and insulate the electrodes from each other. The
total length of the nylon spacers+electrodes was 3.4 ¢m. The electrodes had a

diameter of 10 mm. Electrodes 1 and 5 in Fig. 6.1(b), were 2.5 mm long and
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will be referred here as external electrodes or EE. Electrodes 2 and 4 were 2.5 mm
long and will be referred as lateral electrodes or LE. Finally, the electrode 3 is the
central electrode, CE, and it was 4 mm long. The central and lateral electrodes
were connected to a capacitor placed outside the vacuum chamber. The circuit
used to charge the electrodes is shown in Fig. 6.1(b). Two of these circuits were
used: one for the central electrode and one for the two lateral electrodes, which
were connected together. The two external electrodes were grounded. Measure-
ments were done with all the electrodes at floating potentials and also for different
potential distributions. When voltages were applied, the central and lateral elec-
trodes were positively biased (with higher voltages on the central electrode) while
the two external electrodes were always grounded. As shown in Fig. 6.1(b), the
signals across the resistor of 10 {2 were acquired to monitor the current drawn by
the central and lateral electrodes during the plasma flow inside the PL.

A 248 nm , 20 ns excimer laser was used to irradiate the Cu target in a stain-
less steel vacuum chamber at pressure of approximately 10~4 mbar. The laser spot
area was 0.02 cm? giving a fluence of about 4 J ecm 2. The target was rotated to
reduce drilling.

In the experiments described in this chapter the main interest was the charac-
terization of the plasma leaving the PL. Since the exit plane of the PL was quite far
from the target surface (z = 7.6 ¢m), the plasma exiting the PL had a very weak
emission. Therefore, it was not possible to use optical emission spectroscopy and
fast imaging as diagnostic techniques. Hence Langmuir ion probe and depositions
were the main diagnostics used in these experiments. The Langmuir probe used
here was a 2 x 2 mm? planar probe. For most of the measurements presented here,
the probe was placed on the z axis at 10 cm from the target (i. e. at 2.4 cm from

the exit of the plasma lens) and oriented to face the target.

6.2 Langmuir ion probe measurements

First, the electron temperature was measured to characterize the plasma in the
free ablation case. In order to do that the probe was placed at 10 ¢m from the
target surface and oriented parallel to the plasma flow. As discussed in Section

2.2.1, the parallel orientation of the probe gives a more reliable measurement of the

122



Chapter 6. Focusing of LPP with a plasma lens
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Figure 6.3: (a) Electron signals acquired at different probe bias in the free abla-
tion case. The probe was oriented parallel to the plasma flow and was placed at
10 em from the target. (b) I-V characteristic obtained at 20 us.
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Figure 6.4: Electron temperature variation determined from a range of I-V char-

acteristics with the probe parallel to the plasma flow.

electron temperature than the perpendicular orientation [60]. The probe bias was

varied from negative to positive voltages. As an example, Fig. 6.3(a) shows some

electron signals acquired at different positive voltages on the probe. If at a specific

time the value of the measured current is plotted versus the applied voltage, the
I-V characteristic is obtained. Fig. 6.3(b) shows the I-V characteristic obtained
for a TOF of 20 us. According to equation (2.2), the electron temperature at the
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Figure 6.5: (a) lon current density acquired with the Langmuir probe at 10 em
from the target and a laser fluence of 4 J cm 2. The signals were acquired in three
different cases: 1) free ablation; 2) with the plasma lens and the five electrodes
at floating potentials and 3) with the plasma lens with the central electrode, CE,
at 54 V, the lateral electrodes, LE, at 20 V' and the external electrodes, EE,
grounded. (b) Energy distribution in the free ablation case.

chosen time is then found from the slope of the semi-logarithmic plot of the I-V
curve in the electron-retarding region. Repeating this procedure for several TOFs,
the temperature as function of the time is obtained and is shown in Fig. 6.4. As
it can be seen, the electron temperature is found te be about 0.3 — 0.4 V.

For the rest of the following measurements the probe was oriented perpendic-
ular to the plasma flow. Fig. 6.5(a) shows the ion current density at 10 cm from
the target recorded on the Langmuir ion probe for three different cases: 1) free
ablation; 2) with the plasma lens and no voltage on the electrodes (electrodes at
floating potentials); 3) with the plasma lens with the following voltage distribu-
tion on the electrodes: 54 V on the central electrode, 20 V on the two lateral
electrodes and 0 V' on the two external electrodes. In the free ablation case, the
maximum in the ion flux occurs at 6.4 us. This corresponds to an ion velocity of
1.6 x 10 em s~! and ion energy of about 80 V. Fig. 6.5(b) shows the ion energy
distribution obtained in the free ablation case. The average energy is about 55 eV,
but it can be seen that the ion energies range up to about 200 eV. Conversely,
when the plasma lens is present, the TOF at the maximum ion flux occurs at

slightly later times, specifically at 7.2 us with a floating potential and at 6.6 us
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with an applied voltage. However, in this case it is not possible to give a reli-
able estimate of the ion energies. This is because it is likely that the plasma in
the PL is accelerated during some part of the flight and decelerated in another.
Already in the experiment described in the previous chapter, it was shown that
the relatively weak magnetic field near the target was acting to retard the rate of
the forward expansion of the plume and that this effect was enhanced by apply-
ing positive voltage to the electrode. It is possible to apply the same reasoning
to the converging magnetic field between the target and the PL entrance of this
scenario. This effect would act to decelerate the plasma before entering the PL.
The positive voltage on the electrodes would act to further increase this effect. As
a consequence of this, the assumption of constant velocity might not be a good
approximation for the plasma expanding into the PL.

From Fig. 6.5(a) it can be seen that with the plasma lens a much higher ion
current was recorded. The peak ion current density with the plasma lens elec-
trodes at floating potential is about 9 times higher than the free ablation case and
a further small increase is obtained with voltage on the electrodes. Assuming the
ions to be mainly singly charged, the ion yields were calculated from the signals in
Fig. 6.5(a). The values are: for the free ablation case ~ 9.8 x 10! jonscm™2; with
the plasma lens electrodes at floating potentials ~ 9.5 x 102 jonscm ™2 and in the
third case considered here ~ 9.7 x 102 ions em~2. Hence, the plasma lens causes
an increase by a factor of ~ 10 in the ion yield compared with the free ablation
case. This increase indicates that the ions are strongly concentrated towards the
expansion axis.

The influence of the potential distribution on the ion probe signals was inves-
tigated by varying the voltage applied to the electrodes. Also, for each potential
distribution probe measurements were done at different distances by moving the
probe in both the y and z directions. Fig. 6.6 shows a sample of ion signals ac-
quired at several potential distributions with the probe at 10 ¢m from the target.
The measured current of these signals is lower than the one shown in Fig. 6.5(a).
This is because of day-to-day variation of the laser pulse duration. Contrary to
our expectation, the applied voltage seems to have very little effect on the ion
signals. The value and the TOF of the peak ion current density are about the

same for the different voltage distributions. The most evident effect is on the tail
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Figure 6.6: lon current densities acquired with the Langmuir probe at 10 c¢m
from the target, i.e. 2.4 ecm from the PL exit, at several potential distributions.
The signal in black was acquired with all the five electrodes at floating potential.
For the other signals the external electrodes were grounded and the voltage on the
CE and LE are indicated in the figure legend.

of the ion signal, which becomes shorter as the voltage is increased. This effect
could be due to the reflection of lower energy ions back towards the target for the
combined effect of magnetic and electric fields or it could be related to the fact
that ions of different energies will not be focused on the same plane. Lower energy
ions are expected to be focused by the plasma lens at shorter distances from the
target compared to the more energetic ions. Hence ions focused before the probe
plane will arrive at the probe plane as a diverging beam. The fraction of these
ions should then increase moving further from the expansion axis.

In order to clarify this point, ion probe measurements were taken at several
distances from the expansion axis. The probe was placed at z = 10 ¢m and moved
along the y direction. To better compare the profiles of the ion signals acquired
at different distances and voltages, the signals were normalized and are shown in

Fig. 6.7. As can be seen in Fig. 6.7(a), for the free ablation case, the shape of
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Figure 6.7: Normalized ion signals acquired with the probe at z = 10 ¢m and at
different y-positions (a) in the free ablation case; (b) with the plasma lens with the
following voltage distribution: 54 V' on the central electrode, 20 V' on the lateral
electrodes and 0 V' on the external electrodes. (¢) Comparison of the normalized
ion signals at y = 10 mm for different voltage distributions (the external electrodes
were always grounded).
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the normalized signals does not change with the distance. A very different be-
havior was observed when the PL was used. In this case, the ion profiles change
as the distance from the z axis is increased. Specifically, from Fig. 6.7(b), it can
be seen that at y = 6 mm a second component appears at times > 15 ps and
at y = 12 mm a third component appears at time ~ 26 ps. Also, the fraction
of slower ions increases with increasing lateral distance. Fig. 6.7(c) shows the
normalized ion signals at y = 10 mm in the free ablation case and for several
potential distributions on the plasma lens. Two main features can be noted. First,
the maximum ion flux of the plasma after going through the PL occurs at later
times when compared with the free ablation case. Second, increasing the voltage
applied to the lens electrodes causes the slower ion component to move towards
shorter times. The first point made above together with the behavior described
in Fig. 6.7(b) seems to support the hypothesis that lower energy ions are focused
before the probe plane. However the dynamics of the plasma expanding into the
PL are quite complex and not fully understood. It seems clear though that the
plasma lens changes both the trajectories and energies of the expanding plasma as
indicated by the TOF measurements.

Also very interesting is the variation of the ion yield as a function of the dis-
tance, Fig. 6.8. These ion yields were calculated from the ion signals acquired
at different y-distances. As it can be seen, the plasma lens has a dramatic effect
on the ion distribution. While in the free ablation case, the distribution is fairly
uniform, with the plasma lens it is strongly peaked, indicating that the plasma is
being focused. The peak ion yield with the electrodes at floating potential is 4
times higher than the one for free ablation. Applying voltage on the plasma lens
electrodes a further increase is observed. However, the value of the voltage seems
not to influence the ion yield profile and for all the voltages (including the case
when the five electrodes are at 0 V') the peak ion yield was 5 times higher than
the one for free ablation.

The Langmuir ion probe was also moved along the z axis to acquire ion signals
at different distances from the plasma lens exit. From these signals the ion yields
were calculated and they are shown in Fig. 6.9. It is evident that with the plasma
lens a much higher ion yield is obtained compared with the free ablation. However

it is also clear that this increase is not constant, but it decreases with the distance
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from the target. From the curves in Fig. 6.9 the slope of the logarithm of the
ion yield as function of the logarithm of the distance was estimated. In the free
ablation case, in absence of recombination, the ion yield decreases as the (distance
from the target)?. Hence the slope is expected to be ~ —2. From Fig. 6.9 the
slope in the free ablation case was found to be is ~ —1.85 + 0.06, which is close
to the expected value. With the plasma lens, a higher slope of ~ —3.62 £ 0.05
was found. Hence, the plasma lens causes the ion yield to decrease faster with the
distance from the target compared with the free ablation case. The increase in the
ion yield with the PL goes from a factor of ~ 16 at 8 cm to ~ 4.5 at 15 em from
the target surface. However, the origin of this behavior has not been understood

yet.

6.3 Floating potential on and current drawn by

electrodes

As mentioned above, the voltage across the resistor of 10 2 in Fig. 6.1(b) was
acquired to monitor the current drawn by the central and lateral electrodes during
the plasma flow inside the PL. The floating potentials were also measured by
connecting the electrodes directly to the oscilloscope and selecting the 1 M2 input
impedance. As shown in Fig. 6.10, the floating potentials are positive and the
amplitude on the central electrode is about 2 times that on the LE. The temporal
profiles of the current signals, Fig. 6.10(c) and (f), were strongly dependent on the
applied voltage. For a bias of 0 V' the current drawn by the electrodes is mostly
positive. Increasing the voltage causes the current to become negative and clearly
as the bias is increased the electron current to the electrodes increases. It is also
worth noticing that the voltage on the lateral electrodes influences both the profile
and the value of the current drawn by the central electrode. As an example we can
look at the three current signals in Fig. 6.10(e) acquired by fixing the potential
of CE to 30 V for three different LE bias. When 0 V are applied on the lateral
electrodes, the current drawn by the central electrode has a single peak at about
7 ps. With 10 V on the LE, two effects can be seen on the current drawn by
the CE: 1) the value of the peak current at about 7 us is reduced from 15 mA to
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6.3 Float.pot.-current
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5 mm

(b)

Figure 6.11: Images showing the distribution of Cu deposition per laser pulse on
glass slides at 4 cm from the target (a) for the free ablation case and (b) with the
plasma lens electrodes at floating potential. The color scale indicates the thickness
in nanometers.

10 mA and 2) two more peaks at later times (~ 12 and 22 pus) appear. A further
increase in the LE bias to 20 V' causes a significant change in the time at which

the peaks are observed.

6.4 Thin film depositions

Material distribution both entering and leaving the plasma lens was analysed by
placing a glass substrate directly in front and at the exit of the plasma lens.
Depositions were also done in the free ablation case. Fig. 6.11(a) and (b) show
the images of the depositions done at 4 cm from the target surface without and
with the plasma lens, respectively. For free ablation 10000 laser shots were used,
while with the plasma lens, because the deposition rate is higher, 5000 laser shots
were used. The total number of atoms deposited per laser shot was about the

same in both cases: 2.5 x 10 and 2.7 x 10 without and with the plasma lens,
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Figure 6.12: Images showing the distribution of Cu deposition per laser pulse
on glass slides at 11.5 ¢m from target: (a) for free ablation; (b) for free ablation
and with a nylon cylinder; (c)-(e) are the depositions done with the plasma lens
at three different electrode potentials. The color scale indicates the thickness in

nanometers. (f) Shows the comparison of the thickness profiles across the center
of the thin film (a), (c), (d) and (e).
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respectively. It is evident from Fig. 6.11(b) that the magnetic field outside the
plasma lens has a significant effect in the distribution of the material deposited.
Firstly, the deposition rate in the center of the film is increased by a factor of
~ 2.6 with respect to the free ablation case indicating a concentration of the
plasma toward the expansion axis. This is a positive effect because it improves
the efficiency of the PL. Secondly, the shape of the deposition is very irregular,
probably as consequence of a plasma instability. This is consistent with the results
of experiments described in the previous chapters. It was in fact already observed
that in the case of plasma expanding along a magnetic field the distribution of the
material deposited was rather asymmetrical.

Fig. 6.12 shows the depositions done at 11.5 ¢m from the target, i.e. at 3.9 em
from the exit of the plasma lens. In particular, Fig. 6.12(a) shows the deposition
done in the free ablation case. To emulate the geometrical shape of the plasma lens,
a nylon cylinder having identical physical dimensions was used as a lens substitute.
In this way we can understand the effect of the geometry of the plasma lens on
the amount of material deposited without the effects of its magnetic and electric
fields. The deposition obtained is shown in Fig. 6.12(b). Fig. 6.12(c)-(e) show the
depositions at the exit of the plasma lens for three different potential distributions.
Thickness profiles across the center of each thin film done at the plasma lens exit
are compared with the free ablation profile in Fig. 6.12(f). The plasma lens has
a dramatic effect on the distribution and amount of material deposited and these
effects are consistent with the probe measurements. The depositions clearly show
that the plasma lens has a strong focusing effect on the expanding plasma. Also,
the deposition rate in the center of the film is increased by a factor of ~ 6 — 7
compared to the free ablation case and by a factor of ~ 12—13 when compared with
the deposition done placing a nylon tube between the target and the substrate.
The analysis of the depositions also confirmed that the voltage on the electrodes
does not have a substantial influence on the overall plasma dynamics. Another
very important feature that should be noted is that the material deposited at
the PL exit has a very regular axi-symmetric distribution. This suggests that,
although the plasma entering the PL is unstable, the focusing of the plasma is
hydrodynamically stable. Hence the plasma lens has the effect of removing the
instability. The number of atoms deposited and the peak thickness per laser shot

134



Chapter 6. Focusing of LPP with a plasma lens 6.5 Weaker B-field

Conditions Dy _s Material deposited Peak thickness
(em) atoms/shot (em/shot)
Free ablation 4 %5 % 10* 4 x 10710
With PL 4 2.7 x 0™ 1x 1072
Free ablation 11.5 4.7 x 1013 5.5 x 10~11
Free ablation 11.5 4 x 1012 9.8 x 10~

with a nylon cylinder

With PL at 115 6.4 x 102 3.3 % 107
floating potential

With PL at 11.5 L1 w10 3.8 x 1010
CE=LE=EE=0V

With PL at 11.5 1.3 x 1013 3.3 x 10710
EC:27V, EL:10 V, EE:0 V

Table 6.1: Results obtained from the depositions in Fig. 6.11 and 6.12. Dp_g
indicates the distance between the target and the glass substrate.

of each deposition are summarized in Table 6.1.

6.5 Weaker magnetic field

It has been already noted above that the bias of the plasma lens electrodes plays
a marginal role in influencing the plasma expansion properties. The effect of the
magnetic field in the plasma lens seems by far to exceed the effect of the electric
field. Therefore a lower magnetic field was used to see if some dependence on the
electrode bias could be observed in that case.

The experimental setup and the design of the plasma lens were the same as
those used in the case of the higher magnetic field (Fig. 6.1), with the difference
that in this case ferrite magnets were used instead of Nd-Fe-B magnets. In this
way a much lower magnetic field was obtained. Fig. 6.13 shows the axial field
produced with the ferrite magnets calculated with COMSOL. In this case, the
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Figure 6.13: Calculated magnetic field profile along the z axis. The target
position (z = 0) is indicated by the orange dashed line, while the two black dashed
lines mark the position of the plasma lens entrance and output, respectively at
g =42 om and.z = {.8.cm.

maximum magnetic field strength at the center of the lens was 68 mT and the
field at the target surface was 5 mT.

Langmuir probe measurements and depositions were repeated as above, but
in this case with the lower magnetic field value. The overall plasma expansion
dynamics did not show any substantial difference to the case of the higher magnetic
field. However, these results cannot be quantitatively compared with the those
obtained with the stronger B-field because of day-to-day variation of the laser
pulse duration. Some examples of the ion signals and depositions under these
conditions are shown below.

Fig. 6.14(a) compares the ion signals acquired at 8.5 ¢m from the target
without and with the plasma lens. The peak current is about 8 times higher
when the plasma lens is used. The ion yields calculated from these signals were
4 x 10" jons em~2 without the plasma lens and 3 x 10'2 ions cm 2 with the lens.
Fig. 6.14(b) shows the ions signals acquired with the plasma lens at different
voltages. As for the higher magnetic field, also in this case the voltage on the
electrodes had very little effect, causing only very small changes in the tail of the

ion signals.
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Figure 6.14: Ion current densities acquired with the Langmuir probe at 8.5 cm
from the target, i.e. 9 mm from the PL exit, and a laser fluence of 4 J em 2.
(a) Comparison between the signals acquired in the free ablation case and the one
with the plasma lens with all the electrodes at 0 V. (b) Ion signals acquired with
the plasma lens at several potential distributions.

Depositions were done at the plasma lens entrance and exit, respectively, by
placing a glass substrate at 4 cm and at 10 em from the target surface. Fig. 6.15
shows some examples of the films obtained. The films deposited show the same
characteristics as those in Fig. 6.11 and 6.12. Also in the lower magnetic field
case, in fact, the depositions clearly show the strong focusing effect of the plasma
lens. In the presence of the plasma lens, the film thickness in the center is about 8
times higher than the one for free ablation. Also, the distribution of the material
deposited at the PL input were irregular, suggesting that the plasma entering the
PL is unstable; while the axi-symmetric distribution of the material at the PL
output suggests that focusing is stable. The number of atoms deposited and the

peak thickness per laser shot of each deposition are summarized in Table 6.2.
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Figure 6.15: Images showing the distribution of Cu deposited per laser pulse on
glass slides. (a) and (b) show the deposition done at 4 cm from the target for the
free ablation and with the plasma lens at floating potential, respectively. (c), (d)
and (e) are the depositions done at 10 cm from the target without and with the
plasma lens.
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Conditions Dy s Material deposited Peak thickness
(cm) atoms/shot (cm/shot)
Free ablation 4 3.3 x 1013 8.8 x 10711
With PL 4 2.6 x 1013 1.5 x 1010
Free ablation 10 4.7 x 1012 6.5 x 10712
With PL at 10 5.4 x 101 5% 10~

floating potential

With PL at 10 4 x 10! 4x10~4
EC:27V, EL:10V, EE:Q0 V

Table 6.2: Results obtained from the depositions in Fig. 6.15. D7 _g indicates
the distance between the target and the glass substrate.
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Chapter 7
Conclusions and future work

In this final chapter some conclusions are drawn based on the main findings dis-
cussed in the previous chapters. Some ideas are also proposed as possible experi-

ments to continue this research work.

7.1 Conclusions

Plume expansion dynamics were successfully modified using several magnetic and
electric field configurations. A variety of diagnostics were used to study these ef-
fects and they included Langmuir probe, fast photography, optical emission spec-
troscopy and thin film deposition.

Time- and space resolved optical emission spectroscopy has shown that a mag-
netic field leads to significant enhancement of the intensity of both neutral and ion
emission lines. Furthermore, it was shown that, not only the ionic, but also the
neutral component of the plasma was confined by the magnetic field. While these
results confirm the results of earlier experiments [12], an explanation was offered of
why the neutral emission is strongly confined by the magnetic field. It was shown
that the neutral emission is spatially correlated with singly ionized species through
collisions. This results in a strong collisional exchange between the excited levels
and the next ion. As a consequence the whole plume is guided by the magnetic
field. From the temperature measurements obtained by using the relative intensity

of the spectral lines, it was also observed that magnetic fields oriented orthogonal
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or parallel to the plasma flow cause a faster cooling of the plasma.

Time-resolved optical imaging has shown that when the LPP is directed along
a magnetic field, the lateral expansion of the plasma is severely constrained. From
Langmuir probe measurements and the analysis of the film depositions, the ion
yield and the deposition rate was found to increase in the vicinity of the expansion
axis in agreement with the observed collimation of the plume.

In particular, in a nearly uniform magnetic field, an increase by a factor of 6 in
the ion yield and 2.6 in the deposition rate with respect to the free ablation case
was obtained. A higher increase in the deposition rate was observed in the pres-
ence of a converging magnetic field, where the deposition showed a 5 fold increase
in the film thickness. In this case it was also observed that the magnetic field
decelerates the forward expansion of the plume. In this magnetic configuration
also an electric field was added by applying 50 V' to an electrode. It was seen that
the combination of magnetic and electric field further confines the expansion of
the plasma. In both configurations of magnetic field (uniform and converging) the
spatial distribution of the material deposited were quite irregular suggesting the
excitation of a MHD instability.

Focusing of the plasma was further investigated by using a plasma lens. The
plasma lens was used for the first time with laser produced plasma and as a novel
deposition device. The results obtained clearly show that the plasma lens strongly
focuses the plasma. As a consequence, both ion yield and deposition rate were
strongly enhanced. Ion yield up to 16 times higher than the one for the free ab-
lation were observed. Increase in the deposition rate in the center of the film by
a factor of ~ 6 — 8 was also obtained. Moreover, although the plasma entering
the plasma lens was unstable, the material deposited at the plasma lens output
was symmetrically concentrated around the expansion axis, indicating that plasma
confinement is stable. However, it is not clear why the potential distribution on
the plasma lens electrodes has only a very little effect on the plasma expansion

properties.
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7.2 Future work

Plasma confinement. A magnetic field orthogonal to the plasma expansion
was used to confine the plasma. For this experiment time- and space-resolved
optical emission spectroscopy was the main diagnostic used. Despite the strong
confinement of the plasma in the forward direction, the density was found to
be slightly lower in the presence of the magnetic field than the one in the free
ablation case. This could be due to a significant expansion along the magnetic
field lines. Fast photography and thin film depositions would help to clarify this
point. Furthermore, they would reveal the presence of MHD instabilities, if any.
In the experiment described in Chapter 5, it was shown that by adding an electric
field to the magnetic field the deceleration of the forward plasma expansion was
enhanced. Hence a combination of a magnetic field orthogonal to the plasma flow
and an electric field could be investigated in order to better confine the plasma
expansion.

MHD model. It has been shown that when a low temperature LPP is directed
along a moderate (0.3 7') magnetic field, the lateral expansion of the plasma
is severely constrained. However the depositions showed that the distribution
of the material deposited is rather asymmetrical. The excitation of an MHD
instability was suggested to be the cause of this distribution. Also, a novel and
intriguing conical flare was observed to develop near the ablation target. It would
be of interest to develop an MHD model to find a deeper understanding of these
interesting features. In this regard, effort has been made during this work to
initiate the development of such a model through a collaboration. However, it
seems that it will take several months to complete that analysis.

Very interesting results have also been obtained in the case of plasma expanding
into a plasma lens. It is therefore worthwhile to further investigate the use of the
plasma lens with a laser produced plasma. Some suggestions follow.

Solenoidal magnetic field. Two different magnetic field strengths were used
in this work with maxima of ~ 400 mT and ~ 68 m7. From the experiments
described in Chapter 6, it was shown that at the magnetic field strengths used
here, no differences were observed in the plasma dynamics between the higher

and the lower field case. Furthermore, while the plasma expansion was strongly
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influenced by the presence of a magnetic field, the external electric field had very
little effect. It would then be of interest to be able to continuously change the
magnetic field strength to find an optimum value and also the conditions under
which, if any, the electric field starts to have a more significant effect on the plasma
expansion properties. The electric field would then be an extra parameter that
could be adjusted to control the plasma dynamics. A solenoidal magnetic field
seems to be a more appropriate choice for this phase of investigation. In this way
the magnetic field could be easily varied to find the optimum working conditions
of the plasma lens.

Aperture. In an ideal case, the focusing properties of the plasma lens should
not be dependent on the angular spread of the plasma entering the lens. However,
if spherical aberrations are present, ions entering the lens with the same energy,
but at different angles, will be focused on different planes. To investigate this point
a small aperture could be placed at the plasma lens entrance. The aperture could
be moved to different radial positions to select a portion of the plume expanding
at different angles. Thin film depositions at the plasma lens exit could then give
information on the trajectories of the selected portions of the plasma.

Curved geometry. Curved magnetic filters have been widely investigated
by several authors to address the particulate contamination problem [4, 5, 6, 7].
Although particulate-free films have been produced, the deposition rates of these
filters are very low because of the plasma loss at the wall. Since the focusing of
the plasma by the plasma lens causes a remarkable increase in the deposition rate,
it would be of interest to investigate the use of a curved plasma lens to produce
particulate free thin films.

Pre-field. To increase the efficiency of the plasma lens, a magnetic or electric
field or a combination of both could be used to collimate the plasma between the

target and the lens entrance.
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Appendix: Publications

Focusing of a laser produced plasma by a plasma lens, in preparation.

Lateral confinement of laser ablation plasma in magnetic field, C. Pagano

and J. G. Lunney, J. Phys D: Appl. Phys. 43, 305202, 2010.

Influence of transverse magnetic field on expansion and spectral emission of
laser produced plasma, C. Pagano, S. Hafeez and J. G. Lunney, J. Phys D:
Appl. Phys. 42 155205, 2009.

Influence of fast electrical discharge on expansion of laser produced plasma,

E. Sterling, C. Pagano and J. G. Lunney, Appl. Phys. A 92, 1031, 2008.
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